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Briefly, with this technique the structure of a molecule is determined from the diffraction 
pattern o f X-rays resulting from the scattering o f the electrons in regularly organized 
molecules in crystals. The background o f this cover is a diffraction image obtained from one 
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Preface
“It should be recognized that serendipitous discoveries are o f significant value in the 
advancement o f science and often present the foundation for important intellectual leaps of 
understanding.”[1] However, at present, the technological demands are increasing 
exponentially and we simply cannot wait for the next breakthrough based on serendipitous 
findings. To keep up with the speed of improvements we have to develop a detailed 
understanding for the design and control o f the materials o f the future. This engineering o f 
new materials starts with fundamental and systematic research into molecules that show 
promising properties. Although this thesis is divided into two parts, the main theme is 
(chemical and crystallographic) engineering.
Part I o f this thesis deals with engineering o f tetranuclear carboxylate clusters on a molecular 
level. Changes in the molecular structure o f these clusters can have a profound influence on 
the physical properties, such as molecular magnetism. Fundamental understanding o f these 
physical properties can bring us closer to design and control o f these properties. C h a p ter  1 
gives a literature overview on the chemical modification of polynuclear carboxylate clusters, 
with the purpose o f gaining a fundamental understanding o f the magnetic interactions within 
these clusters. In C h a p ter  2  the synthesis, characterization and chemical modifications of 
tetranuclear carboxylate clusters, potential Single-Molecule M agnets (SMMs), is described. 
The behavior o f these clusters in solution (which were studied by temperature dependent 
NM R spectroscopy) are fully discussed in C h a p ter  3. The purpose o f the structural 
modifications to the tetranuclear clusters is to alter the magnetic interactions between the four 
manganese atoms within these clusters. M agnetization measurements as well as density 
functional theory (DFT) calculations were performed and the results thereof are presented in 
C h a p ter 4. An additional goal for SMMs is to design 1D-3D arrays o f SMMs, in which 
communication between the molecules will lead to new properties. Although the described 
clusters are not SMMs yet, it would be o f great interest to see whether there is magnetic 
communication possible between the clusters if  they are covalently coupled. In C h a p ter  5  the 
synthetic route to these building blocks is described.
Preface
Part II o f this thesis deals with crystal engineering o f coordination polymers and Metal- 
Organic Frameworks (MOFs). These compounds have shown to be o f great potential in a 
variety o f applications. For these compounds it still remains a huge challenge to design 
materials with desired topologies and properties. Rational design is required to understand 
these systems from a fundamental point o f view. This understanding can be obtained by 
systematic studies o f the parameters that control the outcome o f a reaction, which are 
discussed in C h a p ter  6  on the basis o f several literature examples. In C h a p ter  7 a systematic 
study on the role o f counterion, solvent and linker length in the formation o f copper(I)/PPh3 
coordination polymers with N-donor ligands is presented. The use o f PPh3 ligands enabled the 
Multiple Phenyl Embrace to be studied, which is an interaction between phenyl groups that is 
a potential synthon for the formation o f MOFs and these results will be given in C h a p ter  8. 
Coordination polymers and MOFs are good candidates for numerous applications, in 
particular as heterogeneous catalysts. The transformation o f a known homogeneous catalyst 
into a heterogeneous MOF-embedded catalyst requires the modification o f its ligands. In the 
A p p en d ix  the synthetic route towards salen-based building blocks for heterogeneous MOF- 
catalysts is described.
References
[1] M. K. Stoskopf, ILAR Journal 2005, 46, 332-337.
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CHAPTER 1
Molecular Engineering of Polynuclear Carboxylate 
Clusters
Abstract
Rational design o f molecular magnets is a challenge for scientists. Although most molecular 
magnets are still found by serendipity, significant progress has been made in the 
understanding o f the molecular interactions present in these materials. In this chapter 
synthetic strategies, which open pathways to new polynuclear carboxylate clusters with 
predictable topologies, are presented. It is shown that small alterations, electronic as well as 
structural, can lead to profound changes in magnetic behavior. It is shown that systematic 
studies can lead to a better understanding o f the origin o f the magnetic interaction and that 
this understanding can contribute to the design o f new magnets. At the end o f this chapter 
examples are given o f specific intermolecular interactions between Single Molecule Magnets 
(SMMs), which could lead to control o f their quantum properties.
CHAPTER 1
1.1 Introduction: Inspiration from Nature
One o f the most important processes in nature is the light-driven catalytic oxidation o f water 
into molecular oxygen by the Photosystem II (PSII) enzyme (E q u a tio n  1). This catalytic cycle 
is performed by a metal-oxide cluster, named the Oxygen-Evolving Complex (OEC) or 
W ater-Oxidizing Complex (WOC). During this cycle (Kok-cycle) the OEC undergoes four 
light-driven one-electron oxidation steps (the different oxidation states o f the OEC are 
denoted S0-S4).[1] During the fifth and last step (S4 ^  So) molecular oxygen is released and 
the OEC returns to its initial state (S ch em e 1).
hv 4-
2 H 2O ---------> O2 + 4H+ + 4e- ( 1 )
O2 2 H2O
Scheme 1 The catalytic Kok cycle for the oxidation o f  water to molecular oxygen by the OEC in PS II.
1 .1 .1  E lu c id a tin g  th e  M o le c u la r  S tr u c tu r e  o f  th e  O E C
For many years the structural information about the OEC was derived primarily from EPR 
and X-ray absorption spectroscopy.[2, 3-5] These techniques gave only information about the 
stoichiometry o f manganese and oxygen atoms and, based on this, a variety o f chemical 
connectivities were suggested (C h a rt 1). The first crystal structure o f PSII (isolated from the 
Syn ech o co ccu s e lo n g a tu s) was reported in 2001 by Zouni e t al. at a resolution o f 3.8 A .[6] 
This study yielded the contour lines o f the electron density o f the manganese cluster, but 
lacked spatial resolution. Subsequent X-ray crystal structure analysis at improved resolutions 
gave more and more insight into the molecular arrangement o f the OEC; a [3+1] structure of
16
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M n4Ca was proposed.[7, 8] The crystal structure o f Ferreira e t al. suggests a distorted cubane 
structure constructed by four manganese atoms and one calcium atom (F igure  1).[7] However, 
questions arose as to whether the details provided by Ferreira e t a l. could have been observed 
with the resolution o f 3.5 A .[9] Currently, the best resolution (2.9 A) is obtained from single­
crystal diffraction obtained at the ESRF.[10] But still, this resolution is not good enough to 
properly distinguish between the individual atoms in this high electron density area o f the 
PSII enzyme (the spatial resolution o f the M n-atoms is in the order o f 2.7 A).[9] Furthermore, 
the crystal structure o f the OEC is presumed to alter due to radiation damage by the X-ray 
beam during data collection.[11]
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Chart 1 Suggested models o f  the OEC o f  PS II based on EPR and X-ray Absorption Spectroscopy. Adapted from  
DeRose et al.[3], Cinco et alJ4], Robblee et al.[5]
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The elucidation o f the OEC structure still relies on techniques such as EPR[12], X-ray 
Absorption Spectroscopy[13, 14] and FTIR[15] performed on isolated crystals o f the OEC. The 
computational studies, used to understand these spectroscopic observations, are not 
complete. 1^4, 16] The important components o f the OEC have been identified by substitution of 
the amino-acid residues or by the study o f simple protein bio-mimics, which resemble 
PSII.[17] Although these mutations o f the enzyme lead to a better understanding o f the 
catalytic cycle, it has never led to systems with the same level o f oxygen production as the 
OEC itself.[18]
Figure 1 Cubane [3+1] structure o f the OEC as suggested by Ferreira et al. based on single-crystal diffraction. 
Mn, green; O, red; Ca, yellow; coordination bond, bronze. PDB ID: 1S5L.[7]
1 .1 .2  S e re n d ip ito u s  D isco very  o f  S in g le  M o le c u le  M a g n e ts
Alternatively, instead o f modifying the environment o f the OEC, numerous scientists have 
prepared synthetic model compounds, e.g. by W ieghardt[19], Brudvig and Crabtree[20], 
Christou[21], N aruta[22] and Armstrong[23]. Excellent reviews have been published on various 
models and mechanistic proposals for synthetic oxygen evolution with prospects in future 
applications, such as fuel cells.[24] However, a detailed description o f these model structures is 
beyond the scope o f this chapter.
Inspired by the OEC, Christou e t al. synthesized a series o f higher oxidation state manganese 
compounds with nuclearities in the range o f 1-12. M agnetic measurements on one o f these 
compounds ([M n12O 12(O2CC6H 5)16(H2O)4] (1)) (F igure  2  shows a representative structure for 
the M n12-family) showed that it had a very high spin ground state.[25] From these
18
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measurements it was assumed that it had a spin ground state o f S = 14[26], which was later 
corrected to S = 10.[27] A similar compound [M n12O12(O2CCH3)16(H2O)4] (2) had already 
been prepared by Lis several years before[28], and although he measured the magnetic 
properties o f 2, these results were not further analyzed. More detailed investigation o f the 
magnetic properties o f 2 showed that the magnetization o f this compound is highly 
anisotropic and that the magnetization relaxation time is very long, resulting in hysteresis.[29] 
Nowadays compounds showing this type o f magnetic behavior are known as Single Molecule 
Magnets (SM M s).[30] The field o f molecular magnets has expanded rapidly and many 
polynuclear carboxylate clusters have been prepared, e.g. M n3[31], M n4[32], M n6[33], M n7[34, 35], 
M n 10[36], M n 12[35, 37], M n 16[38], M nn [39], M n 18[40], Mn25[41], Mn30[42], Mn70.[43] Currently, the 
compound [Mn84O72(O2CCH3>8(OCH3)24(MeOH)12(H2O)42(OH)6] • xH 2O • yCHCl3 is the 
largest polynuclear carboxylate cluster reported.[44] Besides manganese, other metal clusters 
are also studied, but to a lesser extent. Examples are for instance Fe4[45], Fe5[46], Fe6[47], Co4[48] 
and even V4[49] and V 10.[50]
1 .1 .3  A im  o f  th is  L ite ra tu re  O verview
The serendipitous birth o f molecular magnetism stems from the desire o f scientists to 
understand and mimic the elegant processes performed by natural systems. Yet, the 
development o f magnetic magnetism has offered scientists new questions; “what is needed for 
the a  p r io r i  design o f new magnetic materials?” and “how can one understand and control the 
magnetic interactions in polynuclear (carboxylate) clusters?” .
In this literature overview some examples are given o f molecular engineering o f magnetic 
materials with the aim o f gaining a better understanding o f these systems. Due to the 
exhaustive literature on magnetic compounds, the given examples will be limited to 
polynuclear carboxylate clusters. Furthermore, only examples in which polynuclear structures 
are modified will be discussed and methods to obtain new topologies will be left largely 
unaccounted for. Although an attempt is made to give examples o f compounds with a broad 
range o f nuclearities, it became obvious that most information on the magnetic behavior 
within these systems stems from the M n12 family, which is considered to be the D ro so p h ila  of 
single-molecule magnets.[51] Furthermore, several examples o f compounds containing other 
metals than manganese are presented.
19
CHAPTER 1
1.2 Electronic Modifications
1.2 .1  O x id a tio n /R e d u c tio n  o f  th e  M e ta l-C o re
Electrochemical studies o f polynuclear carboxylate clusters are o f interest from a biological 
point of view, because they can shed some light on the mechanism of the light driven 
oxidation o f water by the OEC. Although these electrochemical studies show that oxidation 
and/or reduction o f these compounds is possible,[52, 53] there are only a few reports in literature 
about the chemical oxidation/reduction o f polynuclear carboxylate clusters. Yet, this could 
provide a method to obtain new clusters with known topology, which has been shown for the 
M n12 family o f clusters. The chemical reduction o f [M n12O 12(O2CEt)16(H2O)4] (3) with PPh4I 
yields the compound [PPh4][M n12O 12(O2CEt)16(H2O)4] (4) without inducing large structural 
changes to the core o f the cluster (F igure  2).[54] In 3 the 12 manganese atoms adopt a 
M nm8M nIV4 oxidation state configuration, whereas in 4 one o f the M nm atoms has been 
reduced to give a trapped-valence M nIIM nIII7M nIV4 configuration. M agnetization studies
Figure 2 Crystal structures o f  a) [Mn12O12(O2CEt)16(H2O)4]  (3) and b) [PPh4][Mn12O12(O2CEt)16(H2O)4]  (4). It 
has been attempted to show that the reduction o f  3 has no major impact on the connectivity o f  the metal atoms 
in the cluster. Solvent molecules, counterions and hydrogen atoms have been omitted for clarity. Mn, green; C, 
grey; O, red; covalent or coordination bond, bronze. The CSD refcodes are respectively YOFGAB and 
WIMRIT10.
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showed that both clusters behave as an SMM. The difference o f the compounds can be found 
in the spin ground state, which is S = 9 for 3 and S = 19/2 for 4. Even more interesting is that 
4 shows quantum tunneling o f magnetization (QTM )[55]; a property predicted to be impossible 
for half-integer spin clusters in the absence o f a magnetic field.[56] The introduction of 
electron-withdrawing carboxylate ligands lowered the first and second reduction potential 
significantly[57], opening a pathway for the preparation o f a two-electron reduced cluster.[58] 
The doubly reduced compound [PPh4]2[Mn12O12(O2CCHCl2)16(H2O)4] (5) has an integer spin 
ground state o f S = 10, similar as its parent cluster 3. In cluster 5 two M n111 atoms are reduced 
to M n11, giving an overall M nII2M nIII6M nIV4 trapped-valence configuration. Recently, the 
triply reduced compounds [X]3[M n12O 12(O2CCHCl2)16(H2O)4] (6: X = NPrn4 or 7: X = NM e4) 
with a spin ground state o f S = 17/2 were isolated, but unfortunately no single crystals could 
be grown due to its instability in solution.[59]
S---------- S
S---------- S
H O ^ ^O H
' N
pdmH2
TTT
Chart 2 Structural formula o f  tetrathiotetracene (TTT) and pyridine-2,6-dimethanol (pdmH2).
This approach is highly dependent on the reducing agent and the polynuclear (carboxylate) 
cluster, because the oxidation/reduction can lead to an unstable compound which rearranges 
to a more stable compound.[60] The reaction o f [(TTT)2I3] (C h a rt 2) with 
[Mn12O 12(O2CCHCl2)16(H2O)4] (8) in M eCN did not yield the desired radical cation salt, but 
instead the cluster fragments into a new cluster with the formula 
[Mn6O2(O2CCHCl2)10(MeCN)4] • CH2Cl2 (9).[61] This was also observed for the reaction 
between [M n12O 12(O2CCH2Bu?)16(H2O)4] (10) and 3 eq. pdmH2 or phenol, which leads to a 
destabilized cluster that fragments to [Mn8O2(O2CCH2But)14(ButCH2CO2H)4] (11). [62]
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Nowadays this reductive fragmentation/aggregation (especially the aggregation) method is 
being explored more, in the hope o f creating new polynuclear carboxylate clusters with metal 
atoms in a high oxidation state.[63, 64]
1 .2 .2  H e te ro m e ta llic  C lu sters
Another possible method to modify the electronic properties o f a cluster is by preparing 
heterometallic analogues. The amount o f heterometallic clusters reported in literature is rather 
limited, which is not very surprising.[65] The difficulty is that during preparation a statistical 
mixture is obtained and that the separation o f these compounds can be very problematic.
The use o f different metals will increase the possibility o f obtaining a cluster with a non-zero 
magnetic spin ground state. This was observed for the heterometallic wheels 
[Cr7M F8(O2CCM e)i6][R2N H 2] (with M  = Ni, Co, Mn, Fe and Cd; R  = Me, Et, nPr, nBu or n- 
octyl).[66] Different metal combinations in these wheels created spin ground states ranging 
from S = 1/2 to S = 5/2.[67] The main challenge for heterometallic clusters lies with the (site)- 
selective incorporation o f metals and the isolation o f a pure compound. The standard 
procedure for the M n12-family o f clusters is the comproportionation reaction between a M n11 
(e.g. M n(OAc)2 • 4H2O or M n(NO3)2 • 6H2O) and a M nIV source (e.g. KM nO4 or 
NBu4nM nO4). Using an oxidizing agent from another metal source allows for the 
incorporation o f different metals into the clusters, which has been carried out using K2Cr2O7 
as an oxidizing agent.[68] The compound [M n11CrO12(O2CCH3)16(H2O)4] • 2CH3COOH- 4H2O 
(12) (spin ground state S =19/2) could be characterized by single-crystal diffraction, but the 
bulk material always consisted o f a mixture between 2 and 12 in roughly a 1:1 ratio, 
depending on the batch.[69] The chromium atom replaces one o f the M n111 atoms in the cluster, 
but, due to the high symmetry o f the M n12 parent cluster, it is disordered over all the 
symmetry equivalent positions. Reactions with iron[70], copper and cobalt[71] metal sources 
also gave heterometallic clusters, but none o f these compounds could be isolated as pure 
species.
Another elegant method to synthesize site-selective heterometallic carboxylate clusters is 
based on a strategy called in  s itu  lig a n d  red o x  g en era tio n . Gavrilenko e t al. suggested that the 
preparation o f [Mn6O2(O2CPh)10(DMF)4] (13), which has a M nIII2M nII4 core, from an in  situ  
conversion o f benzaldehyde to benzoate anions and benzoic acid using metal nitrates would
22
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allow for an easy access to heterometallic compounds.[72] Indeed, the reaction o f different 
metal nitrates with benzaldehyde (E qua tion  2, shown for the combination o f manganese and 
cobalt) led to the isolation o f [Mn2M 4O2(O2CPh)io(DMF)4] (with M  = Co or Ni). These 
compounds are isostructural to 13, but with the M n11 ions replaced by either Co11 or N i11. He
used this strategy also for the preparation o f other polynuclear cluster. [73]
4M n(NO3)2 + 8Co(NO3)2 + 20PhCHO + 5O2 + 8DMF ^
2[Mn2Co4O2(PhCOO)lo(DMF)4] + 24NO2Î + 1 0 H 2O ( 2 )
An advantage o f heterometallic clusters is that it can open pathways to the site-selective 
substitution o f the peripheral ligands, because o f the different reactivity induced by the 
different properties o f metals. The compound [Rum2M gn(p,3-OXM.-CH3COO)6(py)3] reacts 
with an excess o f sodium proprionate to give a statistical mixture o f [RuIII2M gII(^3-O)(^- 
CH3COO)6-x(C2H5COO)x(py)3] (with x = 1 - 4), which could be separated by column 
chromatography. This route for the introduction o f different functional groups on a cluster, 
with a  p r io r i  design o f the position, was shown by Ikegami e t al. by preparing the compounds 
[Ru2Mg(^-O)(^-CH3COO)3(FcCOO)3(py)2(H2O)] and [Ru2M g(^-O)(^CH3COO)2- 
(FcCOO)4(py)2(H2O)].[74]
1 .2 .3  C a rb o xy la te  S u b s ti tu tio n
The modification o f the carboxylate groups on polynuclear carboxylate clusters allows for the 
preparation o f large families o f clusters with different properties (e.g. enhanced solubility[75, 
76] or lowering o f the reduction potential[58, 59]), but without inducing significant structural 
changes to the core o f the cluster. Furthermore, the replacement with sulfur end-group 
carboxylate ligands enabled the self-assembly o f these clusters on (gold) surfaces[77]. Other 
methods for the deposition o f these clusters on surfaces have also been applied.[78] It is even 
possible to selectively replace these carboxylate groups for other oxygen containing ligands, 
e.g. nitrate[79], phosphonate[80] and sulfonate anions.[81]
23
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The synthesis o f a family o f polynuclear carboxylate clusters with different carboxylate 
ligands can be achieved via several routes. The first method is based on d irec t self-assembly, 
which means that the appropriate metal carboxylate salt or a mixture o f a metal salt with 
carboxylic acid (or sodium salt) is combined with other desired ligands and allow to react to 
give the polynuclear cluster.[53, 82] If  the reaction conditions, known to lead to a polynuclear 
carboxylate cluster, are not changed when using a different carboxylate source, it is likely that 
a similar cluster will be formed. Closely related to this method is the option to use preformed 
polynuclear carboxylate clusters as starting materials for the preparation o f other clusters 
(these starting clusters will have an enhanced solubility compared to the metal carboxylate 
salt).[83] An example is the reaction o f [Fe3O(O2CCH2But)6(H2O)3](O2CCH2But) with pyridine 
in MeCN/MeOH, which leads to the formation o f [Fe6O2(O2CH2)(O2CCH2But)i2(py)2].[64] For 
this approach the starting material with the desired carboxylate cluster has to be prepared via 
another method described in this section. The most commonly used route is to react a 
polynuclear carboxylate cluster with an excess o f carboxylic acid (exch a n g e  m e th o d ) 1^5, 84] 
The exchange mechanism is an equilibrium and depends on the pKa values o f the used 
acid[85], and often lead to partially exchanged products.[86] If these “intermediate” products are 
again exposed to an excess o f carboxylic acid, it is possible to obtain the fully exchanged 
product.[81] Another route o f driving this reaction to complete exchange is by removal o f the 
“unwanted” carboxylate ligand by azeotropic removal with toluene (this will only work for a 
limited number o f carboxylic acids).[88]
The last route is an elegant approach to obtain hetero-carboxylate clusters, but has only been 
occasionally applied. The method relies on the capability o f the carboxylate ligand to 
exchange between different homo-carboxylate clusters (intermolecular). The stoichiometric 
reaction between [M n12O 12(O2CCH2But)16(H2O)4] and [M n12O 12(O2CCHCl2)16(H2O)4] yields 
a new cluster with the formula [Mn12O 12(O2CCHCl2)8(O2CCH2But)8(H2O)4].[81] But, 
naturally, this method only leads to the preparation o f hetero-carboxylate clusters. 
Understanding the magnetic interaction within polynuclear clusters has been a subject of 
research for many years. Yet, even though there is a plethora o f families o f clusters with 
different carboxylate ligands, the number o f systematic studies present in literature, which 
study their influence, is lim ited.[89] DFT calculations on dinuclear copper carboxylate 
complexes (F igure  3a) showed that there is a correlation between the electron withdrawing
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properties o f the carboxylate ligand and the magnetic behavior.[90] For the compounds 
[Fe2O(O2CR)2(phen)2(H2O)2](ClO4)2 (R = CCI3, CMe3, H  and CH2F) ( F igure 3b) a 
distribution in the experimental magnetic properties was observed, but there was no clear 
trend visible between the electron withdrawing properties o f the ligand and the magnetic 
interaction between the metal atoms.[91] Besides the electron withdrawing capabilities o f the 
carboxylate ligands, it has also been shown that the coordination mode and the tilting o f the 
ligand can induce changes in magnetic behavior.[92] Clearly, more studies are needed to fully 
understand the effect o f the binding mode o f these ligands on the intramolecular magnetic 
interactions.
Figure 3 a) Crystal structure o f  a paddlewheel carboxylate copper complex. Cu, green; C, grey; O, red; 
covalent or coordination bond, bronze. b) Crystal structure o f  the compound [Fe2O(O2CH)2(phen)2(H2O)2]-  
(ClO4)2. Fe, green; C, grey; O, red, N: blue; covalent or coordination bond, bronze. The CSD refcodes are 
respectively CUAQAC01 and NEVQEL. In both structures the hydrogen atoms (except those o f  the coordinated 
water molecules in b)) have been omitted for clarity.
1.3 Magneto-Structural Correlations
The first triangular single-molecule magnet was that o f [Mn3O(O2CCH3)3(mpko)3](ClO4) • 
3 CH2CI2 (F igure  4a  and 4d) (14).[93] Scientists began to seek for an explanation for its 
ferromagnetic behavior, because, up to then, all triangular clusters showed predominantly 
antiferromagnetic interactions. One explanation was that the ferromagnetic interactions were
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caused by the position o f the central O2- atom, which is connected to all three manganese 
atoms. In 14 the central O2- atom lies 0.295 A above the M n3 plane, whereas for other 
triangular compounds (e.g. [Mnm3O(O2CR)6L3]+, with R  = Me, Et, Ph, etc. and L = py and 
H2O[94]) this was less than 0.03 A. This central oxygen atom mediates antiferromagnetic 
interactions and distortions with respect to the manganese atoms and changes the orbital 
overlap and thus weakens this antiferromagnetic interaction (the overall magnetic interaction 
o f a compound is a combination between the anti- and ferromagnetic interactions). If  the 
contribution o f the antiferromagnetic interactions is weakened, the contribution o f the 
ferromagnetic interactions is relatively strengthened. The preparation o f the compounds 
[Mn3O(sao)3(O2CR)(H2O)(py)3] (R = M e (15), Ph (16)) revealed that the position o f the 
central O - atom was not the reason for the ferromagnetic interactions observed in 14 (F igure  
4 b  and F ig u re  4d).[95] In 15 and 16 the central O2- atom lies 0.325 A above the M n3 plane, 
but the cluster still displays an overall antiferromagnetic interaction. Another explanation for 
the ferromagnetism o f 14 would be the non-planarity o f the M n-N-O-M n bridge with respect 
to the M nm3 plane. This theory was supported by DFT calculations on 14-16. [96] This
explanation was further confirmed by recent systematic studies on 21 M n3-sao derivatives.[97] 
These studies proposed three strategies for the preparation o f SMMs o f triangular M n3-sao 
derivatives. The first strategy is to introduce steric bulk on the imine position o f the sao ligand 
(R group in F ig u re  4d), because this will lead to non-planar Mn-N-O-M n torsion angles with 
respect to the M n3 plane. The second and third strategy will further enhance this non­
planarity. The use o f “pincer” ligands, that coordinate on the “upper” side o f the M n3 triangle, 
and the use o f bulky ligands, that will coordinate on the “lower” side o f the M n3 triangle, will 
induce steric hindrance and strain, which causes the Mn-N-O-M n torsion angle to deviate 
further from planarity. In a closely related M n6-family o f clusters, consisting o f two connected 
M nm3 triangles, similar modifications to the ligand were applied (F ig u re  4c). The compound 
[Mnm6O2(sao)6(O2CPh)2(EtOH)4] (17) has an S=4 spin ground state, due to the ferromagnetic 
coupling between the two antiferromagnetically coupled triangles. The compound
t The crystal structure in Figure 4b corresponds to the compound [Mn3O(sao)3(O2CCH3Xpy)4] (17). This is a 
different compound than mentioned in the main text, because the crystal structure of either 15 or 16 could not be 
found in the CSD. The structure of 17 does resemble the structure of 15 and 16, and to provide the reader with 
some visual image of this cluster, it was decided to show the crystal structure of 17.
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[Mnm6O2(Et-sao)6(O2CPh)2(EtOH)4(H2O)2] • 2EtOH (18) has an S=12 spin ground state, 
which can only be caused by a ferromagnetic interaction between the manganese atoms within 
a triangle. The observed differences could be explained by the difference in the average Mn- 
N-O-M n torsion angle, which has in 17 the value o f av = 17.5° and in 18 the
Figure 4a) The crystal structure o f  [Mn3O(O2CCH3) 3(mpko)3](ClO4) ■ 3CH2Cl2. The CSD refcode o f  this 
compound is TAYCOM. b) The crystal structure o f  [Mn3O(sao)3(O2CCH3)(py)4]. The CSD refcode o f  this 
compound is JIMDIT. c) The crystal structure o f  [MnIII6O2(sao)6(O2CH)2(MeOH)4]. The CSD refcode o f  this 
compound is REJPEC. Mn, green; C, grey; O, red, N: blue; covalent or coordination bond, bronze. d) General 
molecular structure o f the oxime R-saoH2 and mpkoH.
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value o f av = 36.5°.[98] Application o f the third aforementioned strategy increases this torsion 
angle even further, which can be seen in the compound [Mnm6O2(Et-sao)6(O2CPh(Me)2)2- 
(EtOH)6] (19). The average M n-N-O-M n torsion angle in 19 has the value o f a v = 39.1°.[99] 
Subsequent study o f more derivatives o f this family o f clusters led to the development of 
rules, which could predict the magnetic behavior (antiferro- or ferromagnetic) o f the clusters. 
The most important rule states that if  the Mn-N-O-M n torsion angle is larger than ~31.3° the 
interaction within the M n III3 plane is ferromagnetic, whereas if  this angle is smaller than 
~30.4° the interaction is antiferromagnetic.[100] It is o f interest to study iron clusters with the 
sao ligand[101] and investigate their magneto-structural correlation.
1 + 2: tra n s 3 + 4: cis
Figure 5 Spin frustration in Fe6 clusters caused by different connecting ligands. The OR groups marked with an
* are in a) in a trans fashion, and b) in a cis fashion. The arrows indicate the direction o f the magnetic moment 
o f the metal atoms.
Besides minor changes in ligand conformation, the position o f the bridging ligand can also 
have a major influence on the spin ground state, which has been demonstrated for four iron 
clusters. The compounds [Fe6O2(OH)2(O2CR)10(hep)2] (R = Ph (20) or Bu? (21), hepH = 2-(2- 
hydroxyethyl)-pyridine) can be converted into the compounds [Fe6O2(OH)(O2CR)9(hep)4] (R 
= Ph (22) or Bu? (23)) by reacting them with an excess o f hepH. All four compounds consist 
o f two triangular Fe cores connected by oxygen bridges, schematically depicted in F ig u re  5.
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Yet, there is a difference in the interaction pathways between 20/21 and 22/23. In cluster 20 
and 21 the OR* groups are in a trans  position with respect to another (F ig u re  5a), whereas in 
22 and 23 these groups are in a c is  position (F igure  5b). This difference in the position o f the 
bridging ligand has a major influence on the spin ground state o f these compounds. In 20 and 
21 there are more iron centers with spin u p  than spin d o w n  and this leads to an overall spin 
ground state o f S = 5. In the compounds 22 and 23 there are an equal number o f spins up  and 
d o w n  giving an overall spin ground state o f S = 0 .[102]
1.4 Design and Control over Intermolecular Magnetic Communication
The desire to find materials with new and interesting magnetic properties has evolved from 
isolated entities to the preparation o f higher-order structures. Single-chain magnets (SCMs) 
are magnetically independent 1D chains, which show similar properties as SMMs, but with 
different underlying physics.[103] M etal-Organic Frameworks (MOFs) and coordination 
polymers (CPs) offer a long-range magnetic ordering.[104] A detailed description o f SCMs, 
magnetic MOFs and CPs is beyond the scope o f this chapter. It has, however, to be remarked 
that these materials are often found serendipitously, and, although these compounds often 
contain polynuclear (carboxylate) clusters as nodes, they are hardly ever prepared by using 
pre-formed polynuclear (carboxylate) clusters as building blocks. In this section some 
examples are given o f the preparation o f linked polynuclear carboxylate clusters using 
clusters as starting materials. N ot all given examples are deliberately designed compounds, 
but they show the potential o f this synthetic strategy and the potential for new magnetic 
properties.
1.4 .1  C o u p lin g  v ia  H y d ro g e n  B o n d s
The original aim for the compound [Mn4O3Cl4(O2CCH2CH3)3(py)3] (24) was to study it for its 
resemblance to the OEC. The exchange coupling between the four manganese leads to a 
ground spin state o f S = 9/2. Variable temperature magnetic susceptibility measurements 
showed an interesting plateau at a moment o f ~9.9 p,B in the range o f 60-15 K. Further 
decrease in temperature causes a strong decrease o f p,eff, which was attributed to, amongst
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others, intermolecular magnetic exchange interactions. 1^05 The molecule crystallizes as 
dimers with six C-H— Cl hydrogen bonds and one close Cl-Cl interaction (F ig u re  6). These 
interactions provide a weak antiferromagnetic coupling between the M n4 units, which leads to 
a total ground spin state for the dimer o f S= 0. The magnetization versus magnetic field scans 
show typical hysteresis loops as seen with SMMs. But these hysteresis loops showed some 
unique features, like the absence o f a QTM (resonant quantum tunneling) step at zero 
field.[106] The absence o f this step made this compound an excellent candidate for the study of 
quantum tunneling, which has been carried out using the multi-high-frequency electron 
paramagnetic resonance m ethod[107] and computational methods.[108]
Figure 6 Crystal structure o f  the [Mn4 O3Cl4 (O2CCH2 CH3) 3(py)3]  (24) dimer. The intermolecular connection via 
C-H— Cl and Cl— Cl bonds provide a pathway for antiferromagnetic interactions between the clusters. Mn, 
green; C, grey; O, red, N: blue; Cl: yellow; covalent or coordination bond, bronze. The CSD refcode is 
KUCHIZ.
Another beautiful example is provided by the molecule [Fe9O4(OH)4(O2CPh)13(heenH)2] (25) 
(heenH2 = N ,N ’-bis(2-hydroxyethyl)ethylenediamine), which also crystallizes as closely 
separated dimers (F igure  7).[109] There is disorder in the hydrogen bonding, which leads to 
three distinct types o f interaction between the molecules. Analysis o f the magnetic 
measurements shows that when the molecule has only intramolecular hydrogen bonds (F igure
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Figure 7 a) Crystal structure o f  the dimer o f [Fe9O4(OH)4(O2CPh)13(heenH)2]  in the OFF state, which means 
that there are no intermolecular hydrogen bonds. The hydrogen atom on O1 is bonded intramolecular to O2, 
and the hydrogen atom on O3 is bonded intramolecular to O4. b) Crystal structure o f  the dimer 
[Fe9O4(OH)4(O2CPh)13(heenH)2]  in the ON state, which means that there is an intermolecular hydrogen bond. 
The hydrogen atom on O3 is bonded intermolecular to O1. Fe, orange; C, grey; O, red, N: light blue; hydrogen 
bond, blue dashed. Solvent molecules, carbon atoms on the phenyl rings and most o f  the hydrogen atoms have 
been omitted for clarity.
7a) there is no magnetic exchange between the two clusters in the dimer. This conformation 
o f the hydrogen bonds has been called the OFF state. W hen there is a hydrogen bond present 
between the clusters, an antiferromagnetic interaction is observed (the ON state, F ig u re  7b).
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The major challenge is: “to devise a means to switch an exchange-biased dimer o f SMMs 
from ON to OFF, and vice versa , in a deliberate manner, and such investigations are currently 
in p rogress” [109] It has to be remarked that a theoretical study into these clusters concluded 
that the intermolecular magnetic exchange interaction appeared to be negligibly small.[110]
1 .4 .2  C o o rd in a tio n  B o n d s
A deliberate modification on a polynuclear carboxylate wheel offered the possibility to link 
these molecules via another metal atom. The compound [NH2Pr2][Cr7N iF 8(O2CCMe3) 16] 
(26)[66] can be reacted with isonicotinic acid giving [NH2Pr2][Cr7N iF8(O2CCMe3)15- 
(O2CC5H 4N)] (27), in which one o f the pivalate groups is selectively exchanged for 
isonicotinic acid (Schem e  2).[111] Subsequent reaction o f 27 with a copper salt creates a dimer 
o f 26 bridged by a paddlewheel copper unit. W ith EPR, specific heat and magnetic 
susceptibility measurements they showed that these dimers interact weakly while preserving 
the intra-ring magnetic couplings. This is an important property for the implementation of 
larger systems as qubits* in quantum computation.[112] It does not mean that all linked dimers 
o f SMMs have intermolecular interactions. Only in some cases does the dimer behave as one 
large SMM, instead o f a dimer o f independent SMM clusters.[113]
Other examples o f intermolecular exchange interactions, both experimentally as well as 
theoretically, can be found in several references.[114]
1.5 Concluding Remarks
In this chapter several examples are provided o f the chemical modification o f polynuclear 
carboxylate clusters in order to design clusters with known topology, but with new magnetic 
properties. By no means does this chapter give a complete overview o f the research performed 
in this area, but instead an impression is given o f the progress that has been made in the 
understanding o f magnetic exchange interactions. Understanding these interactions is a 
neccesity if  rational design o f new magnetic materials is to be achieved.
* qubit: quantum bit.
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■CKOH [NH2Pr2] [Cr7NiF8(Ü2CCMe3)i5(O2CC5H4N)]
Top view o f the wheel
Side view o f the wheel
Scheme 2 The preparation o f  a dimer o f  wheels can be performed in two steps. Cations, solvent molecules 
and hydrogen atoms o f  the crystal structures are omitted for clarity. Cu, green; O, red; Ni, yellow; C, gray; 
N, blue; Cr, orange; F, violet; coordination bond, bronze. The CSD refcodes are TUSCEP (monomer) and 
QODFUB (dimer).
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In the next chapters our study on the understanding o f magnetic exchange interactions in 
tetranuclear carboxylate clusters is presented. In C h a p ter  2  the synthesis and characterization 
o f different tetranuclear carboxylate clusters is discussed. Besides paramagnetic clusters (for 
the magnetic studies) also diamagnetic analogues have been prepared. Variable temperature 
NM R shows an interesting behavior o f these compounds in solution and these data will be 
given in C h a p ter  3. Our main objective was to investigate the effect o f electron withdrawing 
carboxylate ligands on the magnetic exchange interactions and the results will be discussed in 
C h a p ter 4. At the end o f this literature overview some examples are provided, which show the 
possibility o f intermolecular magnetic exchange. In C h a p ter 5  a synthetic route will be given 
o f the preparation o f a dimer ligand, which could lead to dimeric clusters.
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CHAPTER 2
Synthesis and Characterization of Tetranuclear Metal 
Carboxylate Clusters
Abstract
A series o f tetranuclear carboxylate clusters with the general structural formula 
[M4(L)2(O2CR)4] (M = Cd, Zn, M n and Co; L = 2,6-bis(1-(2-hydroxyphenyl)iminoethyl)- 
pyridine, R  = H, CH3, CF3, C6H 5 and C6F5) are prepared via a one-pot metal-template 
reaction. Besides varying metal centers and substituents on the carboxylate ligand, the 
diiminepyridine ligand has also been modified on a variety o f positions, in order to study the 
versatility o f this ligand in cluster synthesis. The tetranuclear carboxylate clusters have been 
characterized with single-crystal diffraction and the purity o f the samples was verified with 
elemental analysis. The geometry o f the clusters in the solid state in relation to ligand and 
solvent choice is analyzed in terms o f bond lengths and angles.
CHAPTER 2
2.1 Introduction
As shown in C h a p ter  1, tetranuclear (or more general polynuclear) carboxylate clusters are of 
interest due to their resemblance o f biological systems (e.g. the Oxygen Evolving Center 
(OEC) in photosystem II (PSII)) and to their magnetic properties for potential use in e.g. data 
storage, spintronics and quantum computing.[1] These polynuclear carboxylate clusters are 
often prepared by self-assembly o f polydentate ligands and metal salts and, therefore, these 
compounds are often found by serendipity due to the difficulty in predicting their structures. 
Nevertheless, these serendipitously found clusters can serve as an excellent starting point to 
explore the influence o f ligands and/or metals, which could lead to a better understanding of 
their formation and properties.
2.1 .1  A im  o f  th is  C h a p ter
The serendipitous discovery o f a M n4(L1)2(O2CCH3)4 cluster provided us with an excellent 
molecule to explore the influence o f metals and ligands in tetranuclear carboxylate clusters. 
W e have decided to limit our study to four metals; manganese, cobalt, cadmium and zinc. 
Cadmium and zinc lead to diamagnetic cluster, which are studied for their stability and 
flexibility in solution by N M R spectroscopy (C h a p ter  3). M anganese and cobalt lead to 
paramagnetic clusters, which are used to investigate the magnetic interactions between the 
metal centers (C h a p ter  4). In this chapter the synthesis and characterization o f these 
M 4(L)2(O2CR )4 clusters, with a variety o f different ligands, is described. Furthermore, a 
detailed analysis o f the crystal structures is provided (in terms o f M-O bond lengths and M-O- 
M  angles), because it is known from the theory o f superexchange (C h a p ter  4) that the M-O-M  
angle (influencing to the orbital overlap between the oxygen and the metal atoms) is very 
important for the magnetic properties o f polynuclear compounds.
2.2 Synthesis of M4(L1)2(O2CCH3)4 Clusters
2.2 .1  M e ta l  M e d ia te d  R in g  O p e n in g  R e a c tio n
During the 1960s and 1970s a number o f articles reported on the metal mediated ring opening
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reaction o f benzothiazolines and benzoxazolines (Schem e  1).[2, 3 4] The reaction o f the 
benzothiazolines I  and I I  with Zn(O 2CCH3)2 and Cd(O2CCH3)2 yields mononuclear 
complexes with the metal coordinated to the ring-opened ligands V and V I.[3] Ligand IV  
reacts with Cd(O2CCH3)2 to a trinuclear complex with the structural formula
[M]
R = Me, X = S (I) 
R = H, X = S (II) 
R = Me, X = O (III) 
R = H, X = O (IV)
R = Me, X = S (V)
R = H, X = S (VI) 
R = Me, X = O (VII) 
R = H, X = O (VIII)
Scheme 1 Metal mediated ring-opening reaction o f  benzothiazolines and benzoxazolines.
[Cd3(L2)(O2CCH3)2(DMF)2] (L2 = V IH ).[5] The benzoxazoline I I I  forms a tetranuclear 
cadmium cluster (1a) with the structural formula [Cd4(L1)2(O2CCH3)4] • DMF • H2O (L1 = 
V II).[5] Due to the age o f the structure determination, the reported crystal structure in the 
CSD^ does not contain 3D coordinates o f the atoms. Therefore, we attempted to reproduce 
this reaction in order to obtain the 3D coordinates via a new crystal structure determination. 
The synthetic procedure to obtain ligand I I I  is not described in literature, but for ligand I  it is 
reported as a condensation reaction o f 2,6-diacetylpyridine and 2-aminobenzenethiol in 
methanol.[4] However, numerous reactions under similar conditions did not lead to the 
isolation o f the ligand I I I  or its ring-opened version V III. NM R analysis o f the isolated 
material showed only the presence o f starting materials. Forcing the equilibrium of this 
reaction towards I I I  or V II by using a Dean-Stark water trap did also not lead to the 
formation o f any product and again only starting material was visible in the NM R spectrum.
f CSD refcode: PXPCDA
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This is in strong contrast with the preparation o f ligand V III, which precipitates fast from a 
methanolic solution o f 2,6-diformylpyridine and 2-aminophenol. The ring-closed compound 
IV  is not isolated, even though the equilibrium in solution lies towards the ring-closed 
product.[6]
a ) b )
N
„N
HO
H2LI
1a : Cd 
2a : Zn 
3a : Mn
4a : Co
Figure 1 a) The in situ generated diiminepyridine ligand (H2L1) used for the synthesis o f  the tetranuclear 
clusters. b) POVRAY image o f  the crystal structure o f  the cluster. Solvent molecules and hydrogen atoms are 
omitted for clarity. Metal, green; oxygen, red; nitrogen, blue; carbon, grey; coordination or covalent bond, 
bronze.
2 .2 .2  M e ta l-T e m p la te  R e a c tio n
The reaction o f 2,6-diacetylpyridine and 2-aminophenol in the presence o f M n(O2CCH3)2 • 
2H2O in methanol yielded a red microcrystalline material. Recrystallization from DMF/n- 
pentane gave crystals suitable for X-ray diffraction, and the product was identified as 
[Mn4(L1)2(O2CCH3)4] • 3DMF (3a) (F igure  1). The similarity o f this cluster with the 
cadmium cluster (1a) prompted us to use this metal template reaction in the preparation o f 1a 
in order to obtain suitable single-crystals for a re-determination o f the crystal structure. And
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indeed, the one-pot template reaction between 2,6-diacetylpyridine, 2-aminophenol and 
Cd(O2CCH3)2 • 2H2O in DMF leads to the precipitation o f an orange precipitate, which was 
(after recrystallization from a DMF solution top-layered with diethylether) identified as the 
tetranuclear cluster 1a by single-crystal X-ray diffraction. Similar metal template reactions in 
methanol with Zn(O2CCH3)2 • 2H2O and Co(O2CCH3)2 • 4H2O yielded respectively the 
clusters 2a and 4a.
2.3 Crystal Structure of the Cluster
The crystal structure o f 3a (representative for 1a-4a) is shown in F ig u re  1b. In F ig u re  2  the 
same cluster is shown with only the core and the coordinated carboxylate ligands. The 
distorted cubic [M4O4]-core is formed by ^-b ridg ing  oxygen atoms provided by the four 
phenolate residues o f the diiminepyridine ligands. The metal atoms are further coordinated to 
two chelating acetates in the equatorial planes and two bridging acetates in the axial positions. 
Two o f the metal atoms are coordinated to four oxygen and three nitrogen atoms giving a 
distorted pentagonal bipyrimidal coordination sphere. The other two metal atoms are 
coordinated to only oxygen atoms leading to a distorted octahedral geometry. The overall 
neutrality o f the cluster indicates that all four metals are in the +2 oxidation state.
In the cluster [Cd4(L1)2(O2CCH3)4] • DMF • H 2O (1a) the Cd-O distances to the bridging 
carboxylate ligands lie in the range o f 2.203-2.296 A (T ab le  1). The Cd-O distances to the 
symmetric chelating carboxylate ligands are slightly longer (2.315-2.335 A). The axial Cd-O 
distances (2.311-2.584 A) are only slightly longer than the equatorial Cd-O distances (2.278­
2.438 A) implying that the compound can be considered to be a genuine tetranuclear 
compound and not a dimer o f dimers linked via weak interactions (this applies for all clusters 
described in this chapter). The in-plane Cd-O-Cd angles (e.g. the M 1-O-M 2 angles in F ig u re  
2) are very close to the ideal angle o f 90° for a cube (88.08-92.82°) (T ab le 2). The distortion 
from an ideal cube is much more visible in the inter-plane angles (e.g. the M1-O-M4 angles in 
F ig u re  2), which deviate about 9°-16° form the ideal angle (99.45-106.13°) with a range 
about 6.5°. O f these inter-plane angles only one angle is below 100°, whereas the other angles 
lie well above this 100°.
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Figure 2 General numbering scheme fo r  the tetranuclear cluster. Metal, green; O, red; N, blue; C, grey; 
coordination or covalent bond, bronze.
The cluster [Zn4(L1)2(Ü2CCH3)4] * 3MeOH (2a) has been measured at two temperatures and 
m ost o f the small differences in the angles and distances between these two structures can be 
attributed to a temperature effect. In this compound the chelating carboxylate ligands are 
coordinated in an asymmetric fashion at both low and at room temperature. The Zn-O 
distances for these chelating carboxylate ligands are more affected by the difference in 
temperature (T ab le  1). In the low temperature structure the difference between M1-O5 and 
M1-O6 is 0.161 Â and the difference between M4-O7 and M4-O8 is 0.141 Â. In the room 
temperature structure one o f the asymmetrically chelating carboxylate ligands becomes 
slightly less asymmetric (bond length difference between M4-O7 and M4-O8 is 0.101 Â), 
whereas the other asymmetrically chelating carboxylate ligand becomes more asymmetric 
(bond length difference between M1-O5 and M1-O6 is 0.187 Â). The axial Zn-O distances in 
the low temperature structure (2.1588-2.1956 Â) are significantly smaller than the same 
distances in the room temperature structure (2.179-2.223 Â), which, in combination with the 
other Zn-O distances, suggests that the tetranuclear core has a certain degree o f flexibility.
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Table 1 M-O distances (Á) in the clusters 1a, 2a and 4a.
1a (RT)a 2a (LT)a 2a (RT)a 4a
Bridging carboxylate
Ml -  O1 2.203(5) 2.016(2) 2.023(3) 2.018(3)
M2 -  O2 2.266(5) 2.052(2) 2.048(3) 2.088(3)
M3 -  O3 2.296(4) 2.079(2) 2.075(3) 2.112(3)
M4 -  O4 2.208(4) 2.045(2) 2.032(3) 2.037(3)
Chelating carboxylate
Ml -  O5 2.317(5) 2.248(2) 2.274(4) 2.236(3)
Ml -  O6 2.315(5) 2.087(2) 2.087(3) 2.082(3)
M4 -  O7 2.322(5) 2.076(2) 2.115(3) 2.138(3)
M4 -  O8 2.335(5) 2.228(2) 2.216(3) 2.132(3)
Equatorial M-O (core)
Ml -  O9 2.314(4) 2.073(2) 2.067(3) 2.084(2)
Ml -  OlO 2.297(4) 2.0705(19) 2.073(3) 2.098(2)
M2 -  O9 2.278(4) 2.1732(19) 2.185(3) 2.172(2)
M2 -  OlO 2.438(4) 2.4555(19) 2.430(3) 2.287(2)
M3 -  O ll 2.347(5) 2.454(2) 2.437(3) 2.302(2)
M3 -  Ol2 2.320(5) 2.1652(19) 2.179(3) 2.158(2)
M4 -  O ll 2.316(5) 2.0596(19) 2.070(3) 2.082(2)
M4 -  Ol2 2.306(4) 2.0631(19) 2.060(3) 2.082(2)
Axial M-O (core)
Ml -  O ll 2.354(5) 2.1755(19) 2.194(3) 2.129(2)
M2 -  Ol2 2.433(5) 2.1591(19) 2.179(3) 2.198(2)
M3 -  O9 2.584(3) 2.1956(19) 2.189(3) 2.215(2)
M4 -  OlO 2.311(3) 2.1588(19) 2.223(3) 2.147(2)
a LT = low temperature, RT = room temperature
The in-plane Zn-O-Zn angles (88.02-97.52°) have a larger range than the in-plane Cd-O-Cd 
angles in 1a (T ab le 2) with two o f the angles much larger than the ideal 90°. The range o f the 
inter-plane angles is twice as large for 2a than for 1a (difference o f more than 12°),
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Table 2 M-O-M angles (°) o f  the cubane core o f  the clusters 1a, 2a and 4a.
1a (RT) 2a (LT)a 2a (RT)a 4a
In-plane M-O-M
M1-O9-M2 92.82(16) 97.52(8) 96.90(11) 95.02(10)
M1-Ü10-M2 91.84(15) 89.14(7) 89.11(10) 91.31(9)
M3-O11-M4 88.08(11) 88.02(7) 88.41(10) 92.08(9)
M3-O12-M4 91.62(12) 96.01(8) 95.58(11) 96.34(10)
Inter-plane M-O-M
M1-O11-M3 102.51(15) 96.58(8) 96.88(11) 99.36(10)
M1-O9-M3 102.79(17) 101.25(8) 101.80(12) 98.54(9)
M1-O11-M4 106.13(15) 103.36(8) 103.54(11) 104.48(10)
M1-O10-M4 104.09(19) 104.41(8) 104.78(11) 103.79(10)
M2-O9-M3 104.69(17) 108.76(8) 108.44(11) 108.12(10)
M2-O10-M4 105.46(18) 97.78(7) 98.02(11) 97.97(10)
M2-O12-M4 99.45(14) 101.28(8) 101.50(11) 99.13(10)
M2-O12-M3 101.24(14) 108.72(8) 108.34(11) 108.17(10)
a LT = low temperature, RT = room temperature
again suggesting significant flexibility. There are two angles smaller than 100°, and these 
values are comparable to the two larger in-plane angles.
In the [Co4(L1)2(O2CCH3)4] • 2MeOH (4a) cluster one o f the chelating carboxylate ligands is 
coordinated in an asymmetric fashion (Co-O distances o f 2.082 Á and 2.236 Á), whereas the 
other chelating carboxylate ligand is coordinated symmetrically (Co-O distances o f 2.138 Á 
and 2.132 Á) (T ab le  1). The average CoII-O distance in structures containing CoII4O4 cubane- 
like cores has been determined to be 2.094(15) Á [7] and comparison with our observed Co-O 
distances shows that about half o f the Co-O distances are significantly longer than the average 
value. This could be attributed to the pentadentate diiminepyridine ligand, which induces a 
geometric strain on the core o f the cluster leading to distances and angles deviating strongly 
from the ideal values. The in-plane Co-O-Co angles are all above 90° and show a comparable 
large spread in values as seen with 2a (T ab le  2). The inter-plane Co-O-Co angles do alter
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significantly compared to the inter-plane angles in structures 1a and 2a: only four o f the eight 
angles are above 100°. The remaining four angles are in the range o f 97.97° to 99.36°, which 
is only slightly larger than the in-plane angles in 4a.
2.3 .1  C rysta l P a c k in g  a n d  L a ttic e  S o lv e n t  E ffe c ts
Non-coordinated solvent molecules can have a large effect on the bond lengths and angles of 
the main molecule within a crystal structure. It is known from literature that the M -O-M  angle 
is very important for the magnetic properties, and that deviations in these angles could lead to 
significantly other magnetic behavior.[8] This effect has, for instance, been seen in several iron 
spin crossover compounds, which showed different T i/2 temperatures (the temperature at 
which 50% of the molecules has transformed from the LS (Low Spin) to the HS (High Spin) 
state) and changes in the hysteresis loop w idth.[9] It has also been shown that for the M n12 
cluster (see C h ap ter 1 for a description o f this molecule) the sample handing o f single crystals 
with volatile solvents is very important, because the evaporation o f these solvents from the 
crystal lattice could have an effect on the molecular structure o f the cluster and, hence, the 
magnetic properties.[10]
The ability to crystallize the cluster [Mn4(L1)2(O2CCH3)4] (3a) from different solvent 
combinations offered the possibility to study the effect o f lattice solvents on the geometrical 
parameters o f the tetranuclear cluster. The cluster 3a crystallizes from DMF top-layered with 
diethylether with two clusters in the asymmetric unit. Analysis o f the two molecules within 
the same asymmetric unit already shows that there is some flexibility in the bond lengths and 
angles. In one o f the molecules in the asymmetric unit the chelating carboxylate ligands have 
Mn-O distances o f respectively 2.215/2.209 Á and 2.219/2.213 Á, which shows that the 
coordination mode o f this ligand is symmetric (T ab le  3). The other molecule in the 
asymmetric unit has Mn-O distances o f respectively 2.268/2.172 Á and 2.224/2.189 Á, which 
corresponds to an asymmetric coordination mode o f the carboxylate ligand. Also in the 
structures obtained from M eOH/Et2O and M eCN the chelating carboxylate ligands are 
coordinated asymmetrically, whereas in the structure from DMF/n-pentane this coordination 
mode is again symmetric. Apparently, the solvent has a large effect on the Mn-O distances of 
the bridging carboxylate ligands, which can be seen from a comparison between the structures 
o f 3a (MeCN) and 3a (DMF/n-pentane). The Mn-O distances o f the bridging carboxylate
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Table 3 M-O distances (A) within 3a as a function o f  crystallization solvent
3a
(DMF/Et20)
3a
(Me0H/Et20)
3a
(MeCN)
3a
(DMF/n-pentane)
Bridging carboxylate 
Ml -  O1 2.087(4) 2.l23(4) 2.094(2) 2.036(3) 2.l06(2)
M2 -  02 2.l45(4) 2.ll7(3) 2.l4l(2) 2.05l(3) 2.l39(2)
M3 -  03 2.ll8(4) 2.l33(4) 2.l4l(2) 2.06l(3) 2.l65(2)
M4 -  04 2.l0l(4) 2.l09(4) 2.094(2) 2.0l5(4) 2.097(2)
Chelating carboxylate 
Ml -  05 2.2l5(4) 2.268(3) 2.264(2) 2.l87(4) 2.205(2)
Ml -  06 2.209(4) 2.l72(4) 2.2ll(2) 2.ll7(4) 2.2l0(2)
t"0-M4 2.2l9(4) 2.224(3) 2.264(2) 2.l89(4) 2.208(2)
000-M4 2.2l3(4) 2.l89(3) 2.2ll(2) 2.096(4) 2.222(2)
Equatorial M-O (core) 
Ml -  09 2.l74(3) 2.l52(3) 2.l80(2) 2.043(3) 2.l65(2)
Ml -  010 2.l98(3) 2.l85(3) 2.l56(2) 2.075(3) 2.l98(2)
M2 -  09 2.299(3) 2.297(3) 2.329(2) 2.l99(3) 2.275(2)
M2 -  0 l0 2.236(3) 2.272(3) 2.322(2) 2.383(3) 2.308(2)
M3 -  0 l l 2.293(3) 2.300(3) 2.322(2) 2.345(3) 2.300(2)
M3 -  0 l2 2.269(3) 2.240(3) 2.329(2) 2.2l3(3) 2.273(2)
M4 -  0 l l 2.l93(3) 2.l70(3) 2.l56(2) 2.067(3) 2.203(2)
M4 -  0 l2 2.l64(3) 2.l78(3) 2.l80(2) 2.034(3) 2.l57(2)
Axial M-O (core) 
Ml -  0 l l 2.230(3) 2.277(3) 2.244(2) 2.208(3) 2.293(2)
M2 -  0 l2 2.304(4) 2.297(3) 2.329(2) 2.l65(3) 2.256(2)
M3 -  09 2.364(3) 2.306(3) 2.329(2) 2.l33(3) 2.302(2)
M4 -  0 l0 2.237(3) 2.290(3) 2.244(2) 2.22l(3) 2.254(2)
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Table 4 M-O-M angles (°) o f  the cubane core within 3a as a function o f  crystallization solvent
3a 3a 3a 3a
(DMF/Et2O) (MeOH/Et2O) (MeCN) (DMF/n-pentane)
In-plane M-O-M
M1-O9-M2 92.28(12) 93.28(13) 92.84(7) 95.71(12) 92.61(8)
M1-O10-M2 90.89(12) 91.84(12) 90.96(7) 89.51(11) 90.86(8)
M3-O11-M4 93.40(12) 92.13(11) 90.96(7) 90.22(12) 90.77(8)
M3-O12-M4 92.30(12) 92.34(11) 92.84(7) 94.94(12) 92.71(8)
Inter-plane M-O-M
M1-O11-M3 101.69(13) 98.43(12) 105.31(8) 97.47(12) 102.21(8)
M1-O9-M3 103.15(13) 102.04(13) 107.22(8) 104.29(12) 104.32(8)
M1-O11-M4 103.66(14) 105.89(13) 100.03(8) 104.42(14) 102.28(8)
M1-O10-M4 104.25(14) 105.50(14) 100.03(8) 103.64(14) 103.34(8)
M2-O9-M3 104.89(13) 105.43(13) 100.75(7) 106.63(12) 103.39(8)
M2-O10-M4 103.26(13) 99.06(12) 105.31(8) 96.88(12) 101.08(8)
M2-O12-M4 101.20(13) 99.79(12) 107.22(8) 102.82(13) 103.27(8)
M2-O12-M3 104.51(13) 106.03(12) 100.75(7) 106.94(13) 105.11(8)
ligands in 3a (MeCN) are in the range o f 2 .0 l5 -2 .06 l A. The same M n -0  distances in the 
structure o f 3a (DMF/n-pentane) are significantly longer (2.097-2.l65 A).
The effect o f the solvent on the M n-0-M n angles in the core o f the tetranuclear cluster can be 
seen from the values given in Table 4. The flexibility in M n-0-M n angles becomes already 
obvious from the two clusters in the asymmetric unit in 3a (DMF/Et20 ). In one o f the 
molecules from the asymmetric unit o f 3a (DMF/Et20) all inter-plane M n-0-M n angles are 
above l00°, whereas in the other molecule only five o f the eight angles are above this value. 
Furthermore, the range o f these angles differ significantly between the two clusters in the 
asymmetric unit (3.69° versus 7.6°). In the compounds 3a (M e0H /Et20 )  and 3a (DMF/n- 
pentane) all the inter-plane angles are above l0 0 ° , but these compounds do also have a 
different range in the angle values (respectively 7 .l9° and 4.03°). In compound 3a (MeCN) 
only two axial angles are significantly below l0 0 °  (M n-0-M n angles o f 96.88° and 97.47°).
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In all these compounds the in-plane angles are close to the ideal 90°, only two angles in 3a 
(MeCN) deviate more than 4° from this ideal angle. In conclusion, this tetranuclear 
carboxylate cluster is very susceptible to changes in bond lengths and angles as a function of 
the crystallization solvent and space group.
In theory, it should be possible to see an effect in M -0  distance when the substituent on the 
carboxylate ligands becomes more electron withdrawing. However, for our clusters it is very 
difficult to obtain a meaningful comparison o f the bond lengths and angles o f clusters with 
different substituents on the carboxylate ligands, since the effect o f non-coordinated solvent 
can be very large. In the following sections the M -0  distances and angles are compared 
amongst the structures with varying ligands. Any observed differences in bond lengths and 
angles is most likely a combination o f electron withdrawing capabilities o f the ligand and 
crystal packing effects.
2.4 Characterization Methods
The characterization o f these tetranuclear carboxylate clusters relies heavily on identification 
via single-crystal diffraction. This means that single-crystals o f a sufficient size have to be 
grown, which is not straightforward. Additional methods have also been explored to establish 
the architecture and purity o f the clusters. Solution NM R spectroscopy can be used for 
diamagnetic compounds, however, this mainly shows interesting dynamic properties o f the
13clusters (C h a p ter  3). The solid state C NM R spectrum of the diamagnetic 
[Zn4(L l)2(0 2 CCH3)4] cluster (2a) is complex with overlapping carboxylate signals, making
13identification difficult. The solid state C NM R measurement o f the paramagnetic 
compounds was hampered due to paramagnetic broadening. Experimental EPR spectra o f the 
paramagnetic clusters showed broad featureless resonances and the lack o f visible hyperfine 
coupling makes this technique o f little use for identification o f cluster formation.
2.4 .1  M a ss  S p e c tro m e try
Mass spectrometry is an ideal method to establish the formation o f polynuclear clusters in 
solutions[ll], although in some cases fragmentation is observed.[l2] A representative mass
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spectrum in the ESI-positive mode o f a tetranuclear carboxylate clusters is given in F ig u re  3 
and it shows that the identification o f the clusters via this technique is not possible. The 
protonated molecular ion o f [Zn4(L1)2(O2CCH3)4] (2a) has an m/z value o f 1183, but this 
peak is not observed in the spectrum. Instead, the observed peaks can be assigned to 
mononuclear diiminepyridine complexes, which indicates dissociation o f the carboxylate 
ligand and the cleavage o f the cluster into smaller fragments. The m/z peak at 753 can be 
assigned to a fragment or compound with the formula [Zn(H2L1)(HL1)]+. The presence of 
this fragment or compound is rather remarkable, because in the tetranuclear cluster there are 
no zinc atoms connected to two diiminepyridine ligands. This means that either this peak 
corresponds to the presence o f this complex as an impurity (although elemental analysis 
indicated a pure compound), which has formed during the synthesis o f the tetranuclear 
carboxylate clusters or that the tetranuclear carboxylate cluster is not stable in solution and 
can transform into this mononuclear complex.
Figure 3 Typical mass spectrum o f  the tetranuclear clusters. This spectrum is measured from a methanolic 
solution o f  Zn4(L1)2(O2CCH3) 4.
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2 .4 .2  E le m e n ta l  A  n a lysis
Elemental analysis is an excellent method to establish the purity o f a sample. However, in our 
clusters there is almost always solvent incorporated into the crystal lattice. Single-crystal 
diffraction showed that these molecules are often severely disordered and very difficult to 
model properly. The exact chemical composition o f our clusters is most o f the times not 
exactly known due to the presence o f entrapped solvent. Furthermore, these solvent molecules 
are not very tightly bound within the crystal lattice and isolation from the mother liquid leads 
often to the (partial) evaporation o f these molecules. This hampers the matching o f measured 
with calculated elemental analysis data, because there is a range o f solvent percentage, which 
leads to acceptable calculated values.
In most clusters (excluding those which have been crystallized from a nitrogen containing 
solvent) there is a unique atom combination, which is the metal-nitrogen ratio. This value can 
establish the ratio o f metal atoms and diiminepyridine ligands. In some clusters there is a 
second unique combination: the M  to F ratio. This can show how many carboxylate groups 
there are for every metal. This method is not conclusive about the presence o f a cluster, but in 
combination with the results from single-crystal diffraction, it can give an indication about the 
purity o f the material. Contaminations with compounds o f another nuclearity will be reflected 
in the observed ratio between metal and nitrogen, but this method will not distinguish 
between compounds with similar ratios. This means that compounds with a “M n2N 3” and 
“M n4N 6” moiety will lead to the same theoretical ratio between metal and nitrogen.
The theoretical mass ratio between metal and nitrogen can be calculated as given in E q u a tio n  
1, with nM = number o f manganese atoms in the molecule, nN = number o f nitrogen atoms in 
the molecule, M M = molecular weight o f manganese, M n  = molecular weight o f nitrogen. The 
experimental metal/nitrogen ratio can be found by simply dividing the found mass 
percentages for the metal and nitrogen.
m a ss  ra tio  M  / N  = UmM m  ( 1 )
n MM M
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2.5 Chemical Exchange of the Carboxylate Ligand
In C h a p ter  1 it was shown that the carboxylate ligands o f a polynuclear carboxylate cluster 
can be replaced by a variety o f other carboxylate ligands. In this section the results of 
applying the exchange  m e th o d  on our cluster is presented.
2.5 .1  B e n zo a te  L ig a n d
The addition o f a slight excess o f a methanolic benzoic acid solution to a s tir r in g  solution of 
2a or 3a in methanol gives after several minutes a crystalline precipitate. The poor solubility 
o f the product hampers the growth o f single-crystals suitable for X-ray diffraction. The 
addition o f a methanolic benzoic acid solution to a n o n -s tir r in g  solution o f 2a or 3a leads to 
the formation o f single-crystals within 24 hours.
The initial model o f the crystal structure suggested that all the acetate ligands have been 
replaced by benzoate ligands (F igure  4). A closer inspection o f the temperature factors* of 
two o f the benzoate ligands shows that they have a rather strange distribution; the acid 
functionality and the ipso carbon have temperature factors comparable to the majority o f the 
atoms in the structure, the five remaining carbon atoms o f the benzoate ligands have very 
large temperature factors (F igure  4a  b la ck  circles). Initially, we attributed these large 
temperature factors to the movement o f the benzoate groups in combination with the disorder 
in the solvent molecules, which are in close proximity o f this carboxylate ligand. A 
comparison o f the experimentally measured powder pattern with a simulated pattern o f this 
crystal structure model did not show any large discrepancies (F ig u re  7a and 7c), which could 
have suggested that the model was not fully correct. Only after inspection o f the high 
temperature 1H  N M R spectrum of 2a, which showed signals corresponding to coordinating 
acetate, it was confirmed that not all acetates are replaced with benzoate ligands. This 
observation can account for the temperature factors observed in the initial refined crystal 
model. The fact that the acid functionality and the ipso carbon have normal temperature 
factors means that these positions in the structure are fully occupied, whereas the large
* Thermal vibrations of an atom determine its effective volume and this is reflected in the shape and size of the 
atom in an ORTEP representation of a crystal structure. A strange size and/or shape of the atom could point to 
either severe motion of the atom in the solid state or to a mis-interpretation of the electron density.
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a)
Figure 4 a) ORTEP representation o f the initial model o f  the crystal structure drawn at a 50% probability. It was 
assumed that complete exchange o f  the acetate ligands had taken place. The strange temperature factors o f  the 
carbon atoms in two o f the benzoate ligands (black circle) indicates a partial occupation. b) ORTEP 
representation o f  the final model o f  the crystal structure. The overall crystal structure consists o f  a superposition 
o f the two structures shown. There is a partial occupation o f  the benzoate and acetate ligands. Metal, magenta; 
oxygen, red; nitrogen, purple; carbon, grey.
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temperature factors o f the five remaining carbon atoms indicates partial occupation. A new 
model for the crystal structure with a partial occupation o f the acetate and benzoate ligands 
was refined (F igure  4b). This means that part o f the molecules in the crystal have the 
molecular arrangement shown on the le ft o f  F ig u re  4b, with one bridging benzoate, one 
bridging acetate and two chelating benzoate ligands. The other part o f the molecules have two 
bridging benzoate, one chelating benzoate and one chelating acetate ligand as shown on the 
right o f F ig u re  4b. The overall representation o f the crystal structure o f this compound is a 
superposition o f both o f the molecules depicted in F ig u re  4b.
The refinement o f the crystal structure indicated an occupation o f the disordered benzoate 
ligands o f 66% compared to acetate (benzoate/acetate mean ratio o f 2:1). The compounds 
will, for convenience, be indicated with the molecular formula 
[M4(L1)2(O2CCH3)(O2CC6H 5)3] (M = Zn (2b), M n (3b)). A similar exchange reaction was 
attempted with the cobalt cluster 4a, but the isolated materials from the stirred reaction turned 
out to be amorphous. Its poor solubility prevented recrystallization to obtain suitable single 
crystals for X-ray diffraction. The exchange reaction without stirring also failed to give single 
crystals, and again an amorphous precipitate was isolated. The carboxylate exchange reaction 
between the cadmium cluster 1a was not attempted due to the very poor solubility o f 1a in all 
other solvents besides DMF.
2 .5 .2  T r iflu  o ro a ce ta te  L ig a n d
To reduce the electron density on the metal atoms and to increase the solubility o f the 
tetranuclear clusters, the acetate ligand was exchanged for trifluoroacetate. Single crystals of 
the exchange reaction between 4a and trifluoroacetic acid (TFA) could be grown from a 
solution in methanol top-layered with diethylether, but the quality o f the crystals was very 
poor and the structure is, therefore, not included in this thesis. The isolated material from the 
reaction between 2a and TFA could be crystallized from either a THF solution top-layered 
with diethylether (2c_a) or from methanol top-layered with diethylether (2c_b). Both crystal 
structures show a molecular composition o f the tetranuclear cluster o f [Zn4(L1)2(O2CCF3)4], 
but the coordination mode o f the carboxylate ligands is slightly different (F ig u re  5). The 
structure o f 2c_a shows no differences with the acetate clusters 1a-4a. The structure o f 2c_b 
has two monodentate, instead o f two chelating carboxylate ligands, compared to the
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previously mentioned clusters. The distance between the zinc atom and the oxygen atom is 
2.94 Â, which is indeed too long to consider it as a bond between these atoms. The 
coordination geometry around this zinc atom changes from distorted octahedral to distorted 
square based pyramidal. The difference between 2c_a and 2c_b confirms that the cluster is 
very dynamic in solution and that the solid state structure is dependent on the crystallization 
conditions (in this case solvent). The Zn-O bond distances o f  the bridging carboxylate ligands 
in 2c_a fall in the range o f  2.045 Â  to 2.103 Â, which appears to be slightly longer than 
similar distances in 2a ( if  w e ignore any possible solvent effects) (Table  5). The same effect 
can be seen for the chelating carboxylate ligands, which have Zn-O distances in the range o f  
2.095-2.436 Â. The effect o f  the electron withdrawing substituent on the carboxylate ligand is 
much less obvious from the Zn-O distances in the core o f  the cluster.
a) b)
Figure 5 Crystal structures o f a) 2c_a crystallized from THF/Et2O and b) 2c_b crystallized from MeOH/Et2O. 
The solvent molecules and hydrogen atoms are omitted for clarity. Metal, green; oxygen, red; nitrogen, blue; 
fluor, yellow; carbon, grey; coordination and covalent bond, bronze.
The Zn-O distances o f  the bridging ligands in 2c_b appear also to be slightly longer than in 
2a, which is to be expected based on the carboxylate ligand used. The asymmetry in the
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chelating carboxylate ligand in 2c_b has reached the point where the coordination mode has 
to be considered monodentate ( Table 5). The Zn-O distance o f  these monodentate carboxylate 
ligand is 1.958 Á, which is a typical value for Zn-O bonds o f  similar monodentate 
coordinated carboxylate ligands.[13] The in- and inter-plane Zn-O-Zn angles for 2c_a are in 
more or less the same range as seen with 2a (Table  6). The in-plane Zn-O-Zn angles in 2c_b  
are closer to 90° than in the clusters 2a and 2c_a, which is a result from the different 
coordination mode o f  the carboxylate ligand inducing a different geometry around the metal 
center. The inter-plane Zn-O-Zn angles are very comparable to the angles found in 2a and 
2c_a; that is, only two angles have values below  100°.
Figure 6 Crystal structures o f a) 3c crystallized from THF/Et2O and b) mononuclear compound 5 crystallized 
from MeOH/Et2O. The solvent molecules and hydrogen atoms are omitted for clarity. Metal, green; oxygen, 
red; nitrogen, blue; fluor, yellow; carbon, grey; coordination and covalent bond, bronze.
The crystal structures o f  2b and 3b clearly showed a disorder in the coordinated carboxylate 
ligands (acetate versus benzoate). This disorder (acetate versus trifluoroacetate) could also be 
present in the clusters 2c_a and 2c_b, but this is much harder to prove. There is no 
geometrical difference between an acetate and a trifluoroacetate group, and there are, hence,
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no additional atoms observed in the crystal structure. Furthermore, the fluorine atoms are 
severely disordered and form a cloud o f  electron density around the carbon atom (this is not 
explicitly shown in F igure  5). Any discrepancies between the theoretical electron density and 
the found electron density can, therefore, not easily be attributed to the presence o f  hydrogen 
atoms instead o f  fluorine atoms. Unfortunately, the compounds 2c_a and 2c_b could not be 
crystallized as a pure substance as was indicated by comparison between simulated and 
experimental powder diffraction patterns. The composition o f  the impurity is still unknown. 
The exchange reaction between 3a and TFA yields a material, that could be crystallized from 
the same solvent combinations as the compounds 2c_a and 2c_b. The crystallization from 
THF top-layered with diethylether leads to a red precipitate and red rod shaped crystals.
The crystals were manually separated from the precipitate and analyzed by single-crystal 
diffraction. The crystal structure identifies the crystals as [Mn4(L1)2(O2CCF3)4] (3c) with a 
coordination mode o f  the trifluoroacetate ligands as in 1a-4a (Figure 6a). The Mn-O  
distances o f  the bridging carboxylate ligands lie between 2.119 Á  and 2.205 Á  (Table  5). A  
comparison with the Mn-O distances found in 3a (M eCN) (Table 3) shows that the Mn-O  
distances are indeed significantly longer, as is expected from the use o f a more electron 
withdrawing substituent. If a comparison is made between these distances in 3c and 3a 
(DMF/Et2O), the difference is statistically not significant, which could have shown that the 
crystallization solvent indeed plays a role in the geometry o f  the cluster. The chelating 
carboxylate ligands coordinate in an asymmetric fashion, but a comparison with, in this case, 
3a (MeOH/Et2O) shows again that the bond lengths do not differ significantly. Comparison o f  
the Mn-O-Mn bond angles in 3c with 3a shows no major changes (Table  6). The in-plane Mn- 
O-Mn angles are close to 90° and the inter-plane angles, with one exception, are above 100°. 
The re-crystallization o f  3c from methanol top-layered with diethylether forms bright red rod 
shaped crystals. Single-crystal diffraction gave a rather interesting result (Figure 6b). The 
compound [Mn(H2L1)2][(O2CCF3)2] (5) is a mononuclear species with a distorted octahedral 
manganese atom coordinated to two diiminepyridine ligands and is very similar to the 
compounds prepared by de Bruin et a l.[14] The C-O distances o f  the trifluoroacetate moiety  
(~1.23 Á) suggests that it is deprotonated and acts as a counterion for the parent molecule. 
The phenol m oieties o f  the diiminepyridine ligand are protonated and are hydrogen bonded to 
the trifluoroacetate anion.
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Both 3c and 5 can be crystallized from the same crude batch o f  material. One explanation for 
the formation o f  5 is that the cluster 3c is not stable in a methanol solution and will transform 
in 5, which forms single crystals under these crystallization conditions. The chemical equation 
for this fragmentation is shown in Schem e 2. As can be seen, the fragmentation needs large 
amounts o f  trifluoroacetic acid (or any other acid) for the protonation o f  the diiminepyridine 
ligand. The crude material was thoroughly dried before crystallization was attempted, it is 
thus very unlikely that such large amounts o f  (liquid) acid are present during crystallization. 
Another explanation is that 5 is formed during the synthesis, but that it only crystallizes under 
the right conditions. This does not explain the presence o f  the peak in the mass spectrum o f  5 
measured o f  single crystals o f  3c, which is an indication for the first explanation. At this 
moment, an acceptable explanation for the formation o f  5 is not yet found.
Mn4(L1)2(O2CCF3)2 (3c) + 4HO2CCF3 --------- [Mn(H2L1)2][(O2CCF3)]2 (5) + 3 Mn(O2CCF3)2
Scheme 2 The fragmentation o f the cluster requires large amounts o f TFA, which is highly unlikely to be present 
in the solution.
2.6 Chemical Modification of the Carboxylate Ligand via a Direct 
Method
As shown in the previous section the exchange m ethod  does not lead to a complete exchange 
o f  acetate for benzoate ligands and it was unclear to what extent the exchange had occurred 
with trifluoroacetate. To ensure a complete replacement o f  the carboxylate ligands, we  
decided to explore the direct m ethod  (see Chapter 1 for a description).
2.6.1 B enzoa te  L ig a n d
The microcrystalline compounds [M4(L1)2(O2CC6H5)4] (M = Cd (1d), Zn (2d), Mn (3d)) are 
precipitated from the direct template reaction between M (O2CC6H 5)2 (M = Cd, Zn, Mn), 2,6- 
diacetylpyridine and 2-aminophenol in methanol. Unfortunately, the precipitated solids were
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not soluble enough for recrystallization to obtain single-crystals, but their identity was 
established via powder diffraction. The experimental and simulated powder patterns o f  the 
exchange and direct methods are shown in Figure 7. These patterns unambiguously show that 
the direct method led to the formation o f  a tetranuclear cluster. The [Co4(L1)2(O2CC6H5)4] 
(4d) cluster could not be identified, because the precipitate was amorphous and too insoluble 
for recrystallization.
20 [°]
Figure 7 Comparison between a) simulated powder pattern o f [Zn4(L1)2(O2CCH3)(O2CCgH5)3]  (2b) refined 
with the wrong model, b) simulated powder pattern o f [Zn4(L1)2(O2CCH3)(O2CCeH5) 3]  (2b) refined with the 
correct model, c) experimental powder pattern o f [Zn4(L1)2(O2CCH3)(O2CCeH5)3]  (2b), d) experimental 
powder pattern o f [Zn4(L1)2(O2CCgH5) 4]  (2d).
2.6 .2  Triflu  oroacetate L ig a n d
The compounds [M4(L1)2(O2CCF3)4] (M = Zn (2c), Mn (3c), Co (4c)) can be prepared from 
the template reaction between M (O 2CCF3)2 (M = Zn, Mn), 2,6-diacetylpyridine and 2- 
aminophenol in methanol. The synthesis for [Cd4(L1)2(O2CCF3)4] (1c) has not yet been
64
Synthesis and Characterization o f  Tetranuclear Metal Carboxylate Clusters
Table 5 M-O distances (Á) in the clusters 2c_a, 2c_b, 3c and 4c.
2c_a 2c_b 3c 4c
Bridging carboxylate
Ml -  O1 2.058(3) 2.069(3) 2.l32(6) 2.04l2(l7)
M 2 - O 2 2.l03(3) 2.094(3) 2.l73(6) 2.l20l(l6)
M3 -  O3 2.l02(3) 2.094(3) 2.205(6) 2.l20l(l6)
M4 -  O4 2.045(3) 2.069(3) 2.ll9(6) 2.04l2(l7)
Chelating carboxylate
Ml -  O5 2.436(5) l.958(3) 2.276(6) 2.2249(l9)
Ml -  O6 2.l06(4) a 2.24l(6) 2.l486(l8)
r-O-4M4 2.376(4) l.958(3) 2.233(5) 2.2249(l9)
M 4 - O 8 2.095(3) a 2.289(5) 2.l486(l8)
Equatorial M-O (core)
Ml -  O9 2.028(2) 2.02l(3) 2.l53(5) 2.0696(l6)
Ml -  OlO 2.040(2) l.994(3) 2.l69(5) 2.0560(l5)
M2 -  O9 2.2l8(2) 2.328(3) 2.254(5) 2.l669(l5)
M2 -  OlO 2.422(3) 2.3l4(3) 2.306(5) 2.2724(l7)
M3 -  O ll 2.332(2) 2.3l4(3) 2.299(5) 2.2724(l7)
M3 -  Ol2 2.300(3) 2.328(3) 2.303(5) 2.l669(l5)
M4 -  O ll 2.033(2) l.994(3) 2.l5l(5) 2.0560(l5)
M4 -  Ol2 2.025(3) 2.02l(3) 2.l5l(5) 2.0696(l6)
Axial M-O (core)
Ml -  O ll 2.ll3(3) 2.l58(3) 2.l77(5) 2.0905(l6)
M2 -  Ol2 2.l8l(2) 2.l8l(3) 2.26l(5) 2.2294(l5)
9O-3M3 2.l37(3) 2.l8l(3) 2.259(5) 2.0905(l6)
M4 -  OlO 2.l74(3) 2.l58(3) 2.223(5) 2.2294(l5)
aThe distance between the two atoms is too long to be considered a bond.
attempted. Single-crystals o f  2c could be grown from either THF/Et2O or MeOH/Et2O, but 
unfortunately also these crystals were not pure, as indicated by the powder pattern and
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elemental analysis. The crystallization o f  [Mn4(L1)2(O2CCF3)4] (3c) from THF top-layered 
with diethylether lead to the formation o f  a red precipitate and red single crystals similar as 
with the crystallization o f  the product from the exchange method. The elemental analysis o f  
manually separated crystals gave a good match. The composition o f  the red precipitate is 
unknown.
Table 6 M-O-M angles (°) o f the cubane core o f the clusters 2c_a, 2c_b, 3c and 4c.
2c_a 2c_b 3c 4c
In-plane M-O-M
M1-O9-M2 96.75(10) 91.94(11) 94.99(18) 95.69(6)
M1-O10-M2 90.34(9) 93.05(12) 93.07(18) 92.92(6)
M3-O11-M4 92.47(10) 93.05(12) 92.98(19) 92.92(6)
M3-O12-M4 93.59(10) 91.94(11) 92.87(19) 95.69(6)
Inter-plane M-O-M
M1-O11-M3 96.56(10) 102.99(12) 104.3(2) 102.81(6)
M1-O9-M3 104.17(11) 105.12(12) 101.1(2) 104.99(7)
M1-O11-M4 103.76(11) 96.47(11) 104.3(2) 100.24(6)
M1-O10-M4 101.53(10) 102.99(12) 102.7(2) 100.24(6)
M2-O9-M3 104.79(10) 102.89(11) 104.5(2) 101.11(6)
M2-O10-M4 96.93(9) 96.47(11) 99.76(19) 102.81(6)
M2-O12-M4 102.53(10) 105.12(12) 101.7(2) 104.99(7)
M2-O12-M3 106.46(10) 102.89(11) 104.6(2) 101.11(6)
The compound 4c was crystallized from dichloromethane top-layered with n-pentane without 
any signs o f  impurities. The Co-O bond lengths o f  the bridging carboxylate ligands are 2.0412  
A  and 2.1201 A  and appear to be slightly longer than in 4a (Table  5). The Co-O bond lengths 
o f  chelating carboxylate ligands are 2.1486 A  and 2.2249 A, but these are difficult to compare 
with the distances in 4a due to the difference in coordination mode (symmetric versus 
asymmetric). A lso in these compound the effect o f  the crystallization solvents masks the
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effect o f  the electron withdrawing substituents in the bond lengths. The in-plane carboxylate 
Co-O-Co angles in 4c are relatively close to 90° and comparable to the angles found in 4a 
(Table  6). There is, however, a large change in inter-plane Co-O-Co angles. Whereas in 4a 
only half o f  the inter-plane angles were above l00°, in 4c all angles lie above this value. 
Furthermore, the range o f  these angles is much smaller than in 4a (4.75° versus l0 .2°).
2.6.3 F orm a te  L ig a n d
The compounds [M4(L l)2(O2CH)4] (M = Zn (2e), Co (4e)) can be crystallized from methanol 
top-layered with diethylether (Figure  8). The purity o f  the compounds was very difficult to 
determine. It was for the compound [Zn4(L l)2(O2CH)4] (2e) impossible to determine the type 
and amount o f  crystallization solvent m olecules in the crystal lattice, and this was reflected in 
the elemental analysis. The Zn-O distances in 2e are comparable to the distances seen in 2a 
and 2c_a. Again the chelating carboxylate ligands are asymmetrically coordinated to the zinc 
atom (Table 7). The Zn-O-Zn in-plane angles are close to 90° and are comparable to the 
angles observed in 2a and 2c_a. For this cluster the Zn-O-Zn inter-plane angles are slightly 
different than the angles observed in 2a and 2c_a (Table 8). Whereas in 2a and 2c_a only two 
angles lie below  l0 0 ° , in 2e four angles are below  this value. And o f  the four remaining 
angles, two are only slightly above l0 0 ° . The [Co4(L l)2(O2CH)4] (4e) cluster had a much 
better crystal structure, showing the presence o f  one methanol solvent molecule, although 
severely disordered. In spite o f  the adequate determination o f  solvent m olecules, it was not 
possible to obtain a satisfactory elemental analysis for this compound. The Co-O distances o f  
the bridging carboxylate ligands are 2.0407 Á  and 2.0830 Á  and comparable to the distances 
observed in 4a (Table 7). These distances are slightly shorter than observed in 4c, which has a 
more electron withdrawing substituent. The Co-O bond distances o f  the chelating 
carboxylates are 2 .l7 4 7  Á  and 2 .l5 0 6  Á  and indicate an asymmetric coordination mode. The 
in-plane Co-O-Co angles are 93.64° and 95.05° and are very comparable with the in-plane 
angles in 4a and 4c. Six o f  the inter-plane angles have values above l00°, which is in between  
the values found in 4a and 4c (respectively four and eight angles above l0 0 ° ) .
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Figure 8 Crystal structure o f [Co4(L1)2(O2CH)4]  (4e). This has a similar structure as [Zn4(L1)2(O2CH)4]  (2e) 
Hydrogen atoms and solvent molecules are omitted for clarity. Metal, green; oxygen, red; nitrogen, blue; 
carbon, grey; coordination and covalent bond, bronze.
2 .6 .4  2 ,3 ,4 ,5 ,6-P enta fluorobenzoate  L ig a n d
This carboxylate ligand has only been used for the zinc and cobalt tetranuclear clusters. The 
compound [Zn4(L1)2(O2CC6F5)4] (2f) could not be crystallized. Instead, from a 
dichloromethane solution top-layered with diethylether dark block shaped crystals were 
formed, which were identified by single-crystal diffraction as [Zn(H2L1)2][(O2CC6F5)2] (6). 
This structure is very comparable to the structure o f  [Mn(H2L1)2][(O2CCF3)2] (5) (Figure 6b). 
The C-O bond distance o f  2,3,4,5,6-pentafluorobenzoate is in the range o f  1.244 to 1.252 Á, 
and suggests that this moiety is deprotonated. A s seen for compound 5, the diiminepyridine 
ligands are protonated and hydrogen bonded with the 2,3,4,5,6-pentafluorobenzoate anion.
The cluster [Co4(L1)2(O2CC6F5)4] (4f) could be crystallized from a dichloromethane solution 
top-layered with n-pentane. This compound crystallizes with two clusters in the asymmetric 
unit and a comparison between these two m olecules shows differences in geometry. In both 
clusters the chelating carboxylate ligands coordinate in an asymmetric fashion, but the extent 
o f  this asymmetry differs. In one o f  the m olecules the Co-O bond length differences in the 
chelating carboxylate ligand is 0.037 Á  and 0.141 Á  (Table  7). This means that one o f  the 
ligands is only slightly asymmetric, whereas the other ligand is convincingly asymmetric. In 
the other m olecule in the asymmetric unit this difference is respectively 0.118 Á  and 0.083 Á, 
which indicates that both chelating carboxylate ligands are genuine asymmetric. The in-plane
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Co-O-Co angles have a smaller range than in 4a and 4c, but their values are all well above the 
90° (ranging from 93.38° to 95.10°) (Table 8). These values are very comparable to the values 
observed in 4e.
Table 7 M-O distances (Â) in the clusters 2e, 4e, 4f, 9 and 11.
2e 4e 4f 9
Bridging carboxylate 
Ml -  O1 2.052(4) 2.0407(l5) 2.044(4) 2.034(4) 2.029(4)
M2 -  O2 2.042(4) 2.0830(l4) 2.l32(4) 2.l38(4) 2.028(4)
M3 -  O3 2.052(4) 2.0830(l4) 2.l54(4) 2.l39(4) 2.0l4(4)
M4 -  O4 2.042(4) 2.0407(l5) 2.047(4) 2.048(4) 2.020(4)
Chelating carboxylate 
Ml -  O5 2.l40(6) 2.l747(l7) 2.l7l(4) 2.2l9(4) 2.040(5)
Ml -  O6 2.294(8) 2.l506(l7) 2.l34(3) 2.l0l(4) 2.375(6)
M4 -  O7 2.l40(6) 2.l747(l7) 2.099(3) 2.l20(4) 2.036(5)
M4 -  O8 2.294(8) 2.l506(l7) 2.240(4) 2.203(3) 2.376(7)
Equatorial M-O (core) 
Ml -  O9 2.089(4) 2.l024(l4) 2.082(3) 2.087(3) 2.048(4)
Ml -  O10 2.023(4) 2.0666(l4) 2.ll2(4) 2.072(3) 2.l20(4)
M2 -  O9 2.20l(4) 2.l829(l4) 2.224(3) 2.232(3) 2.36l(5)
M2 -  OlO 2.453(4) 2.2646(l5) 2.225(3) 2.225(3) 2.240(4)
M3 -  O ll 2.453(4) 2.l829(l4) 2.2l8(3) 2.l97(3) 2.245(4)
M3 -  Ol2 2.20l(4) 2.2646(l5) 2.234(4) 2.260(3) 2.375(5)
M4 -  O ll 2.089(4) 2.l024(l4) 2.096(4) 2.075(3) 2.ll6(4)
M4 -  Ol2 2.023(4) 2.0666(l4) 2.076(3) 2.070(3) 2.047(4)
Axial M-O (core) 
Ml -  O ll 2.096(4) 2.2066(l4) 2.098(4) 2.l02(4) 2.l09(4)
M2 -  Ol2 2.226(3) 2 .lll7 (l4 ) 2.20l(4) 2.206(4) 2.l58(4)
M3 -  O9 2.226(3) 2.2066(l4) 2.2l2(4) 2.229(3) 2.l60(4)
M4 -  OlO 2.096(4) 2 .lll7 (l4 ) 2.090(4) 2.l09(4) 2.l24(4)
69
CHAPTER 2
Table 8 M-O-M angles (°) o f the cubane core o f the clusters 2e, 4e, 4f, 9 and 11.
2e 4e 4f 9
In-plane M-O-M
M1-O9-M2 94.87(15) 95.05(5) 95.03(14) 93.80(12) 91.67(16)
M1-O10-M2 89.28(15) 93.64(5) 94.16(13) 94.43(13) 93.23(16)
M3-O11-M4 89.28(15) 93.64(5) 94.10(13) 95.10(14) 92.86(15)
M3-O12-M4 94.87(15) 95.05(5) 94.20(13) 93.38(14) 90.94(16)
Inter-plane M-O-M
M1-O11-M3 100.45(15) 103.32(6) 100.94(15) 99.21(13) 99.01(17)
M1-O9-M3 108.56(15) 105.64(6) 101.22(14) 98.68(14) 105.83(18)
M1-O11-M4 99.02(17) 99.35(6) 101.04(14) 101.63(15) 102.63(17)
M1-O10-M4 99.02(17) 99.35(6) 101.13(15) 101.53(15) 102.08(17)
M2-O9-M3 98.13(15) 100.86(5) 103.39(13) 105.31(14) 101.39(16)
M2-O10-M4 100.45(15) 103.32(6) 99.69(14) 99.57(14) 99.72(16)
M2-O12-M4 108.56(15) 105.64(6) 100.25(15) 101.41(15) 106.85(17)
M2-O12-M3 98.13(15) 100.86(5) 103.98(14) 105.13(14) 101.30(16)
2.7 Chemical Modification on the Diiminepyridine Ligand
2.7.1 M od ifica tions on  the  Im in e  Position
The ring-opening reaction between IV  (Schem e  1) and Cd(O2CCH3)2 • 2H2O does not yield a 
tetranuclear cluster, instead, a trinuclear compound o f  the formula 
Cd3(L2)2(O2CCH3)2(DM F)2 (7) (H2L2 is schematically shown in Figure 9a) is formed as has 
been described by Liles et a l.[5] The one-pot template reaction between 2,6-diformylpyridine 
and 2-aminophenol in the presence o f  Cd(O2CCH3)2 • 2H2O yielded a red crystalline 
precipitate, which was identified as 7 via powder diffraction. A  similar template reaction with 
Zn(O2CCH3)2 • 2H2O in DMF yielded a red microcrystalline precipitate, whose experimental 
powder diffraction pattern did not match with that o f  7 (unfortunately, the precipitate was too 
insoluble for recrystallization, and its composition remains unknown). The reaction was also
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a)
Rs
,  / RN X i
H2L2: R = H 
H2L3: R = Ph
b)
Figure 9 a) Molecular structure o f the ligands H2L2 and H2L3. The torsion angle CI-N-C2-C3, which is used as 
an indication o f the planarity o f the N3O2 donor group is indicated. b) Crystal structure o f the half-cluster 8. 
Hydrogen atoms and solvent molecules are omitted for clarity. Metal, green; oxygen, red; nitrogen, blue; 
carbon, grey; coordination and covalent bond, bronze.
N
conducted in methanol, giving a microcrystalline orange precipitate. The powder pattern o f  
this precipitate also did not match with either the pattern o f  7 or the pattern obtained from the 
precipitate in DMF. This compound was, however, slightly soluble in DMF, and after top- 
layering with diethylether single-crystals were obtained. Single-crystal diffraction showed 
that the compound was a semi-tetranuclear cluster with coordinated DM F m olecules (F igure
9). The structural formula o f  this compound is Zn2(L2)(O2CCH3)2(DMF) • 2DMF (8). The 
formation o f  8 could indicate that the product originally formed in methanol is perhaps a 
tetranuclear cluster, which is not stable in a coordinated solvent, like DMF. It was suggested 
by Liles et al. that 2,6-diformylpyridine could not lead to a tetranuclear cluster, because the 
“N 3O2” donor set o f  the diiminepyridine ligand L2 is planar.[5] This planarity is indeed seen in 
the crystal structure o f  8 (C i-N -C 2-C3 torsion angles o f  3.85° and 6.23°), as compared with the 
non-planarity as is seen for L1 in e.g. F igure 8  (C i-N -C 2-C3 torsion angles are between 31.03° 
and 40.93° for the structures o f  2a measured at low  and room temperature). This non­
planarity o f  L2 is attributed to the steric hindrance o f  the methyl group on the imine with a 
proton from the phenol ring.
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Figure 10 Crystal structure o f Zn4(L3)2(O2CCH¡)4 • 1.65MeOH (9). Hydrogen atoms and solvent molecules are 
omitted for clarity. Metal, green; oxygen, red; nitrogen, blue; carbon, grey; coordination and covalent bond, 
bronze.
Based on this assumption, w e anticipated that introducing more steric hindrance on the imine 
position, and thus increasing the angle in the “N 3O2” donor set o f  the diiminepyridine ligand, 
would lead to an enhanced stability o f  the tetranuclear cluster. From the template reaction 
between 2,6-dibenzoylpyridine and 2-aminophenol with Zn(O2CCH3)2 • 2H2O crystals o f  a 
tetranuclear cluster could be grown from dichloromethane top-layered with n-pentane (Figure
10), giving a structure with the molecular formula Zn4(L3)2(O2CCH3)4 • 1.65MeOH (9).§ The 
introduction o f  a large and bulky substituent does not have the desired effect on the Ci-N-C2- 
C3 torsion angles. Two o f  the C i-N -C 2-C3 torsion angles lie in the same range as for the 
tetranuclear cluster with a methyl substituent (31.66° and 34.63°), the other two C i-N -C 2-C3 
torsion angles are significantly smaller (13.66° and 14.86°). These two smaller angles are 
caused by steric hindrance o f  the phenoxy ring with the phenyl substituent on the imine o f  the 
other ligands as can be seen in F igure 10. The Zn-O distances o f  the bridging carboxylate 
ligands are in the range o f  2.014 to 2.029 Á, which appears to be slightly shorter than the 
lengths found in 2a. The chelating carboxylate ligands are asymmetrically coordinated. The
§ A similar reaction was attempted with cobalt acetate as the metal source, but, unfortunately, we were unable to 
grow single crystals from this material.
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difference between M 1-O5 (M 4-O7) and M 1-O6 (M 1-O8) is 0.335 Á  (0.34 Á), which is 
much larger than the difference observed in the other clusters described. The influence o f  this 
larger substituent on the Zn-O-Zn angles in this cluster is not very large. The in-plane Zn-O- 
Zn angles are in the range o f  90.94 Á  to 93.23 Á  and are comparable to the angles in the 
previously described tetranuclear zinc clusters. Only two o f  the eight inter-plane angles are 
slightly below 100°, which is comparable to 2a and 2c_a.
2.7.2 E n h a n c in g  th e  Solub ility
As shown in the previous section, the reaction with 2,6-diformylpyridine yielded in most 
cases very insoluble products. In an attempt to enhance the solubility o f  the product, the 
template metal reaction was performed with 2-amino-4-tert-butylphenol (instead o f  2- 
aminophenol) for Zn(O2CCH3)2 . The dark red precipitate was recrystallized from a 
chloroform solution top-layered with diethylether. Single-crystal diffraction showed that a 
compound with the composition Zn4(L2)2(O2CCH3)4 • 2CHCl3 • 2H2O (10) had indeed been 
formed. Although the structure still has a Zn4O4 core, the geometry o f  this core is no longer 
cubane-like (Figure 11 and more clearly visualized in Figure 11b). The metal atom 
coordinated to the three nitrogen atoms o f  the pyridinediimine ligand is connected to two 
other metal atoms via one p,2-oxygen and two p,3-oxygen atoms provided by the phenolate 
residues o f  the diiminepyridine ligand.
The connection between the upper half o f  the compound and the lower half o f  the compound 
is for this compound a Zn2O2 square. The overall topology o f  the metal core could perhaps 
best be described as two incomplete cubanes (each cubane is m issing one oxygen and one 
metal atom), which are face-sharing by oxo-bridges. Similar as with the tetranuclear clusters, 
compound 10 contains two bridging and two chelating carboxylate ligands. The “N 3O2” donor 
set o f  the diiminepyridine ligand is not completely flat (C 1-N-C2-C3 torsion angles o f  11.13° 
and 11.41°), as would be expected from the use o f  a ligand with protons on the imine position. 
This deviation from flatness is probably induced by the tert-butyl groups on the phenyl 
moiety o f  the diiminepyridine ligand, which are in close proximity o f  each other and thus 
cause a certain amount o f  steric hindrance.
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a)
Figure 11 Crystal structure o f Zn4(L2)2(O2CCH3) 4 ■ 2CHCl3- 2H2O (10). Hydrogen atoms and solvent molecules 
are omitted for clarity. Zinc, green; oxygen, red; nitrogen, blue; carbon, grey; coordination and covalent bond, 
bronze.
a) Cl
H2L4
Figure 12 a) Molecular structure o f the ligand H2L4. b) Crystal structure o f the cluster 11. Hydrogen atoms 
and solvent molecules are omitted for clarity. Metal, green; oxygen, red; nitrogen, blue; carbon, grey; 
coordination and covalent bond, bronze.
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2.7.3 E lectron  W ithdraw ing G roups on  the  P yrid ine-R ing
Besides the reduction o f  the electron density on the metal centers via the carboxylate ligands, 
w e also decided to study the effect o f  an electron withdrawing substituent on the pyridine ring 
o f  the diiminepyridine ligand. The reaction between 4-chloro-2,6-diacetylpyridine, 2- 
aminophenol and Co(O2CCH3)2 • 4H2O in methanol leads to the formation o f  a brown 
precipitate o f  unknown composition. Dark red-brown single crystals (alongside some brown 
precipitate) had formed in the filtrate, which was left standing overnight. The crystals were 
separated manually from the precipitate. These same crystals could be recrystallized from a 
DMF solution top-layered with diethylether. Single-crystal diffraction on crystals from both 
type o f  solvent combination showed that the desired tetranuclear cluster Co4(L4)2(O2CCH3)4 
(11) (Figure 12) had been formed.
In both crystal structures there are two clusters in the asymmetric unit. In compound 11 
(MeOH/Et2O) the Co-O distances o f  the bridging carboxylate ligands lie in the range o f  2.013 
Â  to 2.087 Â  (Table  9). In 11 (DMF/Et2O) this range is much larger (2.018 Â  to 2.114 Â). 
Within these two crystal structures the chelating carboxylate ligands are in all four clusters 
coordinated in an asymmetric mode. The extent o f  this asymmetry differs from cluster to 
cluster; e.g. the difference between M 1-O5 and M 1-O6 in 11 (MeOH/Et2O) is 0.074 Â. This 
is much larger than the difference between M 1-O5 and M 1-O6 in 11 (DMF/Et2O), which is 
only 0.015 Â. The in-plane Co-O-Co angles are well above the ideal 90°, which is shown in 
Table 10. The angles in 11 (MeOH/Et2O) lie in the range o f  90.99° to 94.50° for the two 
clusters. In cluster 11 (DMF/Et2O) this range lies at slightly higher angles; 92.23° to 95.33°. 
The inter-plane angles in 11 (DM F/Et2O) are all well above 100°, comparable to the angles 
found for 4c. In 11 (MeOH/Et2O) the inter-plane angles are not all above the 100°. In one o f  
the two m olecules in the asymmetric unit four angles are significantly below  100°, in the 
other m olecule this only applies for two angles.
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Table 9 M-O distances (A) in the clusters 11 crystallized out respectively MeOH/Et2O 
and DMF/Et2O.
11 (MeOH/Et2O) 11 (DMF/Et2O)
Bridging carboxylate
Ml -  O1 2.0l3(3) 2.0l5(3) 2.0l2(3) 2.032(2)
M2 -  O2 2.087(3) 2.063(3) 2.ll4(3) 2.092(2)
M3 -  O3 2.087(3) 2.063(3) 2.096(2) 2.095(3)
M4 -  O4 2.0l3(3) 2.0l5(3) 2.03l(3) 2.0l8(2)
Chelating carboxylate
Ml -  O5 2.l69(3) 2.l53(3) 2.l45(3) 2.ll5(3)
Ml -  O6 2.O95(3) 2.l33(3) 2.l23(3) 2.l30(2)
M4 -  O7 2.095(3) 2.l53(3) 2.l03(3) 2.l6l(3)
M4 -  O8 2.l69(3) 2.l33(3) 2.l47(3) 2.l26(3)
Equatorial M-O (core)
Ml -  O9 2.066(2) 2.088(3) 2.08l(2) 2.089(2)
Ml -  OlO 2.077(2) 2.077(2) 2.l04(3) 2.l00(2)
M2 -  O9 2.265(2) 2.l65(2) 2.l60(2) 2.237(2)
M2 -  OlO 2.l65(2) 2.297(2) 2.244(2) 2.20l(2)
M3 -  O ll 2.l65(2) 2.297(2) 2.252(2) 2.224(2)
M3 -  Ol2 2.265(2) 2.l65(2) 2.l97(2) 2.208(2)
M4 -  O ll 2.077(2) 2.088(3) 2.088(2) 2.ll9(2)
M4 -  Ol2 2.066(2) 2.077(2) 2.087(2) 2.058(2)
Axial M-O (core)
Ml -  O ll 2.l43(3) 2.l60(3) 2.l09(2) 2.l58(2)
M2 -  Ol2 2.204(3) 2.l92(2) 2.2l8(2) 2.l77(2)
M3 -  O9 2.204(3) 2.l92(2) 2.l89(2) 2.2l9(2)
M4 -  OlO 2.l43(3) 2.l60(3) 2.l7l(2) 2.l23(2)
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Table 10 M-O-M angles (°) o f the cubane core o f the clusters 11 crystallized 
from respectively MeOH/Et2O and DMF/Et2O.
11 (MeOH/Et2O) 11 (DMF/Et2O)
In-plane M-O-M
M1-O9-M2 91.93(10) 94.48(10) 95.33(9) 93.63(9)
M1-O10-M2 94.50(10) 90.99(9) 92.23(9) 94.35(9)
M3-O11-M4 94.50(10) 90.99(9) 93.17(9) 92.32(9)
M3-O12-M4 91.93(10) 94.48(10) 94.79(9) 94.49(9)
Inter-plane M-O-M
M1-O11-M3 97.57(10) 98.35(10) 100.28(9) 102.18(10)
M1-O9-M3 98.72(11) 100.06(10) 100.69(10) 103.69(10)
M1-O11-M4 105.14(11) 105.01(10) 103.48(10) 100.93(9)
M1-O10-M4 105.14(11) 105.01(10) 101.56(9) 101.11(9)
M2-O9-M3 108.51(10) 107.14(10) 106.04(10) 102.45(9)
M2-O10-M4 97.57(10) 98.35(10) 100.49(10) 102.06(9)
M2-O12-M4 98.72(11) 100.06(10) 101.27(10) 103.10(9)
M2-O12-M3 108.51(10) 107.14(10) 104.82(9) 104.21(10)
2.8 Outlook on Magnetic Properties
Superexchange theory (C hapter 4) provides a simplistic model for the prediction o f  magnetic 
interactions depending on the M -O-M  angles within polynuclear compounds. However, when  
the m olecules becom e larger and the number o f  magnetic interaction pathways increases, the 
theory o f  superexchange becom es very complicated. The analysis o f  magnetic interactions 
related to the structure o f  the m olecule then depends on the outcome o f  experiments without 
any predictability a  p r io r i .
Magneto-structural correlation studies on e.g. nickel(II), copper(II), manganese(IV) and 
dysprosium(III) polynuclear compounds have shown that there is a correlation between the 
value o f  the experimentally observed exchange coupling and the M -O-M  angle. Furthermore, 
these studies show that there is transition angle (somewhere between 95° and 99° depending
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on the compound) at which the magnetic interaction between the metal centers o f  the angle 
changes from anti- to ferromagnetic. 8^, l5] This means that at angles smaller than this transition 
values the magnetic interaction between the metal atoms is ferromagnetic, whereas at angles 
larger than this transition value the magnetic interaction is anti-ferromagnetic.
In the tetranuclear manganese clusters (3a and 3c) the in-plane angles are in the range o f  
89 .5 l°  to 9 5 .7 l°  and the inter-plane angles in the range o f  96.88° to l07.22°. For the cobalt 
clusters (4a, 4c, 4e, 4 f and 11) the in-plane angles lie between 9 l .3 l°  and 96.34°, and the 
inter-plane angles lie between 97.97° and l0 8 . l7 ° .  In general, one could expect that the in­
plane angles are associated with ferromagnetic interactions between the metal atoms. These 
metal atoms are, however, also coupled to each other via the bridging carboxylate ligand,[l6] 
which complicates the predictability o f  type o f  magnetic interaction. The larger angles found 
for the inter-plane interactions can be associated with anti-ferromagnetic interactions as is 
predicted from the transition angles found in literature. The small deviations in angles 
between the different clusters will lead to different values o f  the exchange couplings constant, 
but it will probably not affect the overall observed magnetic behavior (in terms o f  anti- and 
ferromagnetic) o f  the clusters. This assumption is further supported by magnetic 
measurements on different batches o f  our clusters (different crystallization solvents and age o f  
the sample), which did not show any major changes in magnetic behavior vide infra.
The type o f  magnetic interactions within polynuclear compounds not only depends on the M - 
O-M angles (that is the orientation o f  the orbital overlap between the metal and oxygen  
atoms), but also on the amount o f  overlap between these orbitals, that is the electron density 
between the metal and oxygen atom. Variation in the electron withdrawing strength o f  ligands 
induces alterations in electron density distribution between orbitals, which in turn could lead 
to different magnetic interactions.
In C hapter 4 the magnetic behavior o f  our tetranuclear clusters is analyzed and it is attempted 
to determine whether the M -O-M  angles or the electron withdrawing strength o f  the ligands is 
the dominant factor for the magnetic interactions.
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2.9 Conclusions
Tetranuclear carboxylate clusters with the diiminepyridine ligand can be prepared in a one-pot 
metal template reaction using different metals. The carboxylate ligand can be altered via the 
exchange m ethod , but this leads to clusters with a mixture o f  carboxylate ligands due to 
incomplete exchange. This can be circumvented by applying the direct method, which is a 
metal template reaction using the appropriate metal carboxylate salt as template agent.
The use o f  strongly electron withdrawing substituents leads in some cases to the 
crystallization o f  mononuclear complexes. At this moment it is unknown whether these 
compounds are formed during the reaction and crystallize under the applied conditions or that 
they are formed due to the instability o f  the cluster in solution (or some solvents). The relation 
with the electron withdrawing substituent is also not clear.
The geometry o f  the diiminepyridine ligand plays a very important role in the formation o f  the 
cluster. Small substituents (e.g. a proton) on the imine position o f  the diiminepyridine ligand 
leads to a flat “N 3O2” donor set o f  the ligand, preventing the formation o f  the cubane-like core 
o f  the cluster. Large substituents (e.g. methyl and phenyl) create a better geometry o f  the 
“N 3O2” donor set and the tetranuclear cluster is formed. The use o f  a very large substituent 
(e.g. phenyl) does impose another problem, which is steric hindrance. This steric hindrance 
leads to a partial flattening o f  the “N 3O2” donor set o f  the ligand and, perhaps, some strain on 
the cubane-like core o f  the cluster. M odifications on the diiminepyridine ligand (e.g. on the 
pyridine ring), which do not alter the geometry o f  the ligand, can be used without any 
problems in the formation o f  the clusters.
The analysis o f  the crystal structures o f  the tetranuclear carboxylate clusters shows that the 
compound has a flexible geometry in the solid state. The use o f  different crystallization 
solvents, which are incorporated into the crystal lattice, creates different environments around 
the cluster. The cluster adopts its bond lengths and angles to form the most 
thermodynamically stable geometry for those particular surroundings. The influence o f  the 
solvents on the geometry o f  the cluster makes a significant geometric comparison between the 
clusters with different carboxylate ligands impossible.
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2.11 Experimental
2.11.1 In stru m en ta tio n
'H NMR, 13C{1H} NMR, COSY and NOESY spectra were recorded on a Bruker Advance 500 MHz operating at 
room temperature, unless indicated otherwise. Chemical shifts are reported in ppm using the deuterated solvent 
peaks as a reference. Abbreviations used are: s = singlet, t = triplet, dd = doublet of doublets, ddd = doublet of 
doublet of doublets, dt = double triplet, m = multiplet, br. = broad. Coupling constants are reported as J-values in 
Hz. Solid state 13C cross-polarization/magic angle spinning (CP/MAS) spectra were obtained using a 
Chemagnetics CMX-Infinity four channel 600 MHz on an Oxford 600/89 magnet. Positive ESI mass spectra 
were recorded on a LCQ Advantage MAX Thermo Finnigan. Experimental EPR spectra were measured on a 
Bruker EMX spectrometer equipped with a He temperature-control cryostat system (Oxford Instruments). 
Infrared spectra are recorded on a Bruker Tensor 27 FT-IR using the OPUS data collection software. 
Abbreviations used are br = broad, vs = very strong, s = strong, w = weak. X-ray powder diffraction 
measurements were performed either on a Bruker D8 AXS Advance X-ray diffractometer equipped with a 
Vantec-1 detector or on a Philips PW 1820 Automatic Powder Diffractometer. The patterns were measured in 
reflection mode with Bragg-Brentano geometry using monochromatic CuKa radiation in the range from 2 to 50° 
29. The scan speed and step size depended on the quality of the sample. Powder patterns were simulated with 
Cu Ka' radiation in the range of 2 to 50° 29 with a step size of 0.02. Elemental analysis was performed on a 
Carlo Erba Instruments CHNS-O EA1108 Elemental analyzer or were carried out by the Analytische 
Laboratorien in Lindlar (Germany).
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2.11.2 M ateria ls
Mn(O2CC6H5)2 • 2H2O[l7], Mn(O2CCF3)2[l8], 2,6-dibenzoylpyridine[l9] were prepared according to literature 
procedures. All other materials were obtained commercially and used without any further purification.
2.11.3 Syn th esis  a n d  C haracterization  
[Cd(O2CC6H5)2] • 4 /3 H2O
To a solution of 5.0 g 3CdSO4 • 8H2O (6.5 mmol) in 20 ml H2O was added 5.6 g sodium benzoate (39 mmol) 
dissolved in a minimal amount of water. The formed precipitate was isolated by filtration and dried in air. Yield: 
4.9 g (66%). The product was identified as [Cd(O2CC6H5)2] • 3/4H2O by elemental analysis. Elemental analysis 
calculated for C dC ^^O ^«: C 44.4l, H 3.37, O 22.54. Found: C 44.23, H 3.54, O 22.70.
[Zn(O2CC6Hs)2] • 3 /8H2O
To a solution of l0.6 g sodium benzoate (73.4 mmol) in 75 ml H2O at 80°C was added a solution of 5.0 g ZnCl2 
(36.7 mmol) in 20 ml H2O. Immediately a precipitate was formed. The mixture was stirred at 80°C for l0 min. 
before allowing it to cool to r.t.. The white solid was isolated by filtration and dried in air. The product was 
identified as [Zn(O2CC6H5)2] • 3/8H2O. The IR spectrum corresponded with the spectrum in literature.[20, 2l] 
Elemental analysis calculated for ZnCl4H86/8O35/8: C 53.49 H 3.45. Found: C 53.44, H 3.l6.
[Co(O2CCF3)2] • H2O
A mixture of l.0 g Co(OH)2 (l0.8 mmol) and 4.l ml trifluoroacetic acid (32.4 mmol) in 20 ml MeOH was 
refluxed for l2 hours. After cooling to r.t. the mixture was filtrated over Celite to remove the unreacted 
Co(OH)2. The solvent was removed to give an oily substance. The excess trifluoroacetic acid was removed by 
azeotropic evaporation with toluene until a pink solid was obtained. FTIR (KBr) v = 3426 (br.), l7l3 (vs), l628 
(s), l465 (w), l384 (w), l206 (vs), ll54 (s), 849 (w), 797 (w), 729 (w) cm4. Elemental analysis calculated for 
CoC4H2F6O5: C l5.86, F 37.62, Co l9.45. Found: C l5.90, F 37.20, Co l9.48.
Zn(OH)2
A solution of 5.0 g Zn(NO3)3 • 6H2O (l6 mmol) in 30 ml H2O was added to a solution of l.3 g sodium hydroxide 
(32 mmol) in 70 ml H2O. A white precipitate forms within minutes, and is isolated by filtration. The white solid 
is washed with acetone and dried in air. Yield: l.5 l g (92%). The IR spectrum corresponded with the spectrum
in literature.[20]
[Zn(O2CH)2]
A solution of 0.20 g Zn(OH)2 (2.0 mmol) and l .52 ml formic acid (4.02 mmol) in 20 ml methanol was refluxed
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for l2 hours. After removing the solvent a white solid was obtained. The IR spectrum corresponded with the 
spectrum in literature.[20]
[Co(O2CH)2] • 2 H2O
In a minimal amount of water was dissolved 2.7 g Co(NO3)2 • 6H2O (9.27 mmol) and l.26 g sodium formate 
(l8.5 mmol). After stirring for l0 min. the solvent was reduced to half its original volume. After three days pink 
crystalline material was formed. The pink solid was isolated by filtration and dried in air. FTIR (KBr) v = 3363 
(br.), l583 (s), l396 (s), l384 (vs), l356 (s), 762 (w) cm4. Elemental analysis calculated for CoC2H6O6: C l2.98, 
H 3.27, O 51.89, Co 3l.86. Found: C l2.9l, H 3.3l, O 52.0l, Co 3l.82.
[Zn(O2CC6Fs)2] • H2O
A solution of l.0 g Zn(OH) 2 (l0 .l mmol) and 4.86 g 2,3,4,5,6-pentafluorobenzoic acid (20.l mmol) in l00 ml 
methanol was refluxed for 2 hours. After cooling to r.t. the solvent was removed to yield a white solid. FTIR 
(KBr) v = 3509 (br.), 1655 (vs), 1618 (vs), 1534 (s), 1492 (vs), 1373 (s), 1280 (w), 1120 (s), 993 (vs), 834 (w), 
752 (w) cm4. Elemental analysis calculated for ZnCl4H2Fl0O5: C 33.26, F 37.58, Zn l2.93. Found: C 32.8l, F 
37.95, Zn l2.95.
[Co(O2CC6Fs)2]
A suspension of 0.5 g Co(OH)2 (5.4 mmol) and 3.4 g 2,3,4,5,6-pentafluorobenzoic acid (l6.0 mmol) in l00 ml 
MeOH was refluxed for l2 hours. After cooling to r.t. the suspension was filtrated over Celite to remove the 
unreacted Co(OH)2. The solvent was removed to yield a pink solid. The solid was dissolved in a minimal amount 
of water. Within l2 hours pink crystals had formed. FTIR (KBr) v = 3418 (br.), 1654 (vs), 1599 (vs), 1527 (s), 
l499 (vs), l40l (s), l296 (w), l l l5  (s), 998 (vs), 830 (w), 756 (w) cm4. A satisfactory elemental analysis was 
not obtained.
[Cd4(L1 )2(O2CCH3)4] • DMF • H2O (1a)
The compound is synthesized according to a modified literature procedure.[5] A solution of 2.0 g 2-aminophenol 
(l8.3 mmol), l.5 g 2,6-diacetylpyridine (9.2 mmol) and 4.9 g Cd(O2CCH3)2 • 2H2O (l8.4 mmol) in 50 ml DMF 
was refluxed for 3 hours. During cooling to r.t. an orange/red precipitate was formed, which was isolated by 
filtration. Single crystals were obtained from a DMF solution top-layered with Et2O. Yield: 3.4 g (5l %); lH 
NMR (DMF-d6 , 500 MHz, T = 257 K): 5 = 0.98 (s, 6H), l.43 (s, 6H), 2.75 (s, 6H), 3.03 (s, 6H), 6.37 (dt, 2H, 3J 
= 7.5 Hz, 4J = l.5 Hz ), 6.53 (dd, 2H, 3J = 7.5 Hz, 4J = l.5 Hz), 6.63 (dt, 2H, 3J = 7.5 Hz, 4J = l.5 Hz), 6 .8 l (dt, 
2H, 3J = 7.5 Hz, 4J = l.5 Hz), 7.02 (dd, 2H, 3J = 7.5 Hz, 4J = l.5 Hz), 7.l6 (m, 6H, overlapping signals), 8 . l8 (dd, 
2H, 3J = 5.5 Hz, 4J = 3.0 Hz), 8.32 (m, 4H, overlapping signals). High temperature NMR (357 K) gave only very 
broad peaks and these were difficult to assign. The bulk of the crystals was identified via powder diffraction to 
be 1 a.
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[Zn4(L1)2(O2CCH3)4] • 3MeOH (2a)
A solution of 2.0 g aminophenol (l8.3 mmol), l.5 g 2,6-diacetylpyridine (9.2 mmol) and 4.02 g zinc acetate 
dihydrate (l8.3 mmol) in 40 ml methanol was refluxed for 3 hours. After cooling down, the solvent was 
removed. To the residue was added 20 ml of toluene and the solvent was removed again (toluene-acetic acid 
azeotrope). The addition and removal of toluene was repeated until the residue was no longer sticky. The dry 
residue was dissolved in l5 ml methanol and the cluster was precipitated with 30 ml Et2O. After stirring for 20 
min. the yellow precipitate was isolated by filtration. Yield: 5.0 g (92.8%) Single crystals were obtained from a 
methanol solution top-layered with Et2O. The assignment of the peaks at low and high temperature was achieved 
using a 2D COSY and 2D NOESY spectrum. lH NMR (DMF-d7, 500 MHz, 357 K): 5 = l.25 (s, l2 H), 2.82 (s, 
l2H), 6.56 (t, 4H, 3J = 7.5 Hz), 6.88 (t, 4H, 3J = 7.5 Hz), 7.06 (d, 4H, 3J = 7.5 Hz), 7.27 (d, 4H, 3J = 7.5 Hz), 8.08 
(d, 4H, 3J = 7.5 Hz), 8.20 (d, 2H, 3J = 7.5 Hz). lH NMR (DMF-d7, 500 MHz, 257 K): 5 = 0.80 (s, 6H), 1.33 (s, 
6H), 2.74 (s, 6H), 2.96 (s, 6H), 6.4l (t, 2H, 3J = 7.5 Hz), 6.62 (t, 2H, 3J = 7.5 Hz), 6.76 (t, 2H, 3J = 7.5 Hz), 6.89 
(d, 2H, 3J = 7.5 Hz), 6.96 (d, 2H, 3J = 7.5 Hz), 7.06 (t, 2H, 3J = 7.5 Hz), 7 .ll (d, 2H, 3J = 7.5 Hz), 7.60 (d, 2H, 3J 
= 7.5 Hz), 8 .ll (d, 2H, 3J = 7.5 Hz), 8.20 (d, 2H, 3J = 7.5 Hz), 8.25 (t, 2H, 3J = 7.5 Hz). l3C{lH} NMR (DMF-d7, 
l25 MHz, 242 K): 5 = 16.4, 18.1, 20.0, 22.9, 117 (2C), l20.2, l2l.7, l23.5, l23.6, l24.2, l24.5, l28.0, l29.4, 
l34.7, l36.3, l43.2, l48.7, l50.8, l56.7, l58.0, l58.4, l60.0, l76.3, l79.5. Elemental analysis calculated for 
C53H58N6Ol5Zn4: C 49.7l, H 4.56, N 6.56. Found: C 49.l2, H 4.63, N 6.57.
[Mn4(L1)2(O2CCH3)4] • 3DMF (3a)
A mixture of 2.68 g 2-aminophenol (24.7 mmol), 2.0 g 2,6-diacetylpyridine (l2.3 mmol) and 6.0 g 
Mn(O2CCH3)2 4H2O (24.7 mmol) was refluxed in l00 ml methanol for two hours under an argon atmosphere. 
The deep red solution was allowed to cool to r.t., causing the precipitation of a microcrystalline red precipitate, 
which was isolated by filtration. Yield: 2.77 g (40%). The crude material was identified as an ansolvate. 
Elemental analysis calculated for C50H46N6Ol2Mn4: C 52.56, H 4.06, N 7.35. Found: C 52.36, H 4.04, N 7.32. 
Crystallization from DMF top-layered with pentane afforded deep red-black cubic crystals, identified as 3a. 
Elemental analysis calculated for C59H67N9Ol5Mn4: C 52.03, H 4.96, N 9.26. Found: C 5l.9l, H 4.94, N 9.23. 
Single-crystals could also be obtained from DMF top-layered with diethylether (3a(DMF/Et2O)), MeOH top- 
layered with diethylether (3a(MeOH/Et2O)), and from cooling an acetonitrile solution (3a(MeCN)).
[Co4(L1)2(O2CCH3)4] • 2MeOH (4a)
A solution of l.00 g 2-aminophenol (9.l6 mmol), 0.75 g 2,6-diacetylpyridine (4.58 mmol) and 2.l4 g 
Co(O2CCH3)2 • 4H2O (9.l6 mmol) in 30 mL methanol was refluxed for 3 hours under an inert atmosphere. The 
solvent was removed, the product dissolved in a minimal amount of methanol and precipitated with diethylether. 
Red single-crystals were obtained from a methanol solution top-layered with diethylether. The crystal structure 
refinement showed a number of residual peaks in the difference fourier map, which could not be interpreted in a 
chemically and physically meaningful way. However, the number of found electrons suggests the presence of 
one additional MeOH solvent molecule per cobalt cluster. This was further supported by the elemental analysis,
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which was calculated for [Co4(Ll)2(O2CCH3)4] • 3MeOH. Elemental analysis calculated for C53H58N6Ol5Co4: C
50.73, H 4.60, N 6.70. Found: C 50.39, H 4.57, N 6.78.
[Zn4(L1)2(O2CCH3)(O2CC6Hs)3] (2b)
To a solution of 300 mg 2a (0.23 mmol) in 20 ml MeOH was added l43 mg benzoic acid (5 eq., l.l7  mmol) 
dissolved in a minimal amount of MeOH under vigorous stirring. After a few minutes the solution became 
turbid. Upon stirring for 30 min. a yellow precipitate was isolated by filtration. Powder diffraction of this crude 
material showed that it contained the exchanged product. The yield was not determined.
Single crystals could be grown from a similar reaction procedure, but without stirring. To a solution of l00 mg 
2a in l0 ml MeOH was added 50 mg benzoic acid dissolved in a minimal amount of MeOH. After 24h. single­
crystals could be isolated. But, unfortunately, a satisfactory elemental analysis could again not be obtained.
[Mn4(L1)2(O2CCH3)(O2CC6Hs)3] (3b)
This compound (precipitate as well as single-crystals) was prepared under the same conditions as 2b. Also for 
this compound it was not possible to obtain a satisfactory elemental analysis, presumably due to the same 
problems as with 2b.
[Zn4(L1)2(O2CCF3)4] (2c)
Exchange method:
To a solution of 300 mg 2a (0.23 mmol) in 20 ml MeOH was added 0.l ml trifluoroacetic acid (l49 mg, l.3 
mmol). After stirring the solution for 30 min. the solvent was removed to obtain a sticky oil. The excess 
trifluoroacetic acid and the acetic acid formed during the reaction are removed by azeotropic evaporation with 
toluene. This is repeated several times until a yellow solid is obtained. Single-crystals can be grown from either a 
solution in THF top-layered with diethylether (2c_a) or a solution in MeOH top-layered with diethylether 
(2c_b). Although the crystal structure confirmed the formation of the cluster, it was not possible to obtain a good 
purity of this cluster.
Direct method:
A solution of l.0 g Zn(O2CCF3) • 2H2O (3.4 mmol), 277 mg 2,6-diacetylpyridine (l.7 mmol) and 371 mg 2- 
aminophenol (3.4 mmol) in 50 ml MeOH was refluxed for 3 hours. After cooling to r.t. the solvent was removed. 
To the residue was added toluene to remove the excess trifluoroacetic acid. This was repeated until a yellow 
solid was obtained. The material was recrystallized from a solution in THF top-layered with diethylether. 
Elemental analysis did not give a satisfactory match for the compound [Zn4(Ll)2(O2CCF3)4] • 2THF • Et2O 
(2c_a). Elemental analysis calculated for C64H60Fl2N6Oi5Zn4: C 46.79, H 3.68, N 5.l2, F l3.88, Zn l5.92. 
Found: C 45.25, H 3.7l, N 5.42, F l4.l2, Zn l6.65. Calculated mass ratio Zn/N: 3 . l l l l .  Found: 3.0720 
(obtained from elemental analysis). Calculated mass ratio Zn/F: l.l476. Found: l.l792 (obtained from elemental 
analysis).
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[Mn4(L1)2(O2CCF3)4] • 1.5THF • 0.5Et2O (3c)
Exchange method:
To a solution of 300 mg 3a (0.26 mmol) in 30 ml MeOH was added a solution of l50 mg trifluoroacetic acid (5 
eq., l.3 mmol) in l0 ml MeOH. After stirring for 45 min. the solvent was removed and the residue was dissolved 
into a methanol/toluene mixture (l:3). By evaporating the solvent again the remaining acetic acid and/or TFA is 
removed. Single crystals were obtained via diffusion of Et2O into a THF solution of the crude material. 
Elemental analysis was calculated for a compound with the formula [Mn4(Ll)2(O2CCF3)4] • 1.5THF • 0.5Et2O, 
which is in agreement with the crystal structure determination. Elemental analysis calculated for 
C58H5lFl2Mn4N6Oi4: C 46.32, H 3.42, N 5.59, F l5.l6, Mn l4.6l. Found: C 46.l2, H 3.48, N 5.82, F l5.56, Mn 
l4.36. Calculated mass ratio Mn/N: 2.6l42. Found: 2.4673 (obtained from elemental analysis). Calculated mass 
ratio Mn/F: 0.9639. Found:0.9229 (obtained from elemental analysis)
Direct method:
A solution of 2.6 g Mn(O2CCF3)2 (9.2 mmol), 0.75 g 2,6-diacetylpyridine (4.6 mmol) and l.0 g 2-aminophenol 
(9.2 mmol) in 50 ml methanol was refluxed for 3 hours under an argon atmosphere. After cooling to r.t. the 
solvent was removed. The residue was dissolved in methanol and a red solid was precipitated with diethylether. 
Single-crystals were obtained from a THF solution top-layered with diethylether.
[Mn(L1)2][O2CCF3)2] (5)
This compound was obtained from the recrystallization of the crude material of 3c in MeOH top-layered with 
diethylether. No yield was determined. Elemental analysis calculated for C46H34MnN6F6O8: C 57.09, H 3.54, N 
8.68, F 11.78, Mn 5.68. Found: C 56.92, H 3.76, N 8.75, F ll.46, Mn 5.63.
[Co4(L1)2(O2CCF3)4] • CH2CI2 (4c)
A solution of 1.84 g Co(O2CCF3)2 • H2O (6.07 mmol), 0.53 g 2,6-diacetylpyridine (3.22 mmol) and 0.70 g 2- 
aminophenol (6.44 mmol) in 30 ml MeOH was refluxed under an argon atmosphere for 3 hours. After cooling to 
r.t. the solvent was removed to yield an oily substance. This residue was dissolved in a minimal amount of 
MeOH and the product was precipitated with diethylether. The precipitate was isolated by filtration and air dried. 
Single-crystals were obtained from a dichloromethane solution top-layered with n-pentane. Elemental analysis 
calculated for C5iH36Cl2Co4Fl2N6Ol2: C 41.97, H 2.49, N 5.76, F 15.62, Co 16.15. Found: C 41.76, H 2.61, N 
5.89, F 15.52, Co 16.33. Calculated mass ratio Co/N: 2.8043. Found: 2.7725 (obtained from elemental analysis). 
Calculated mass ratio Co/F: 1.0345. Found: 1.0522 (obtained from elemental analysis).
[Cd4(L1)2(O2CC6H5)4] (1d)
A solution of 250 mg 2,6-diacetylpyridine (1.53 mmol), 334 mg 2-aminophenol (3.1 mmol) and 1.0 g 
[Cd(O2CC6H5)2] • 4/3H2O (2.6 mmol) was refluxed in 10 ml MeOH for 3 hours. After cooling to r.t. the 
precipitate was isolated by filtration. Yield: 0.41 g. The 1H NMR at 348K still showed some broadening of the
85
CHAPTER 2
signals and assignment of the peaks is therefore not reported. The assignment of the peaks at low temperature 
was achieved using a 2D COSY spectrum. 1H NMR (DMF-d7, 500 MHz, 248 K): 5 = 2.75 (s, 6H), 3.19 (s, 6H), 
6.20 (t, 2H, 3J = 7.5 Hz), 6.25 (t, 2H, 3J = 7.5 Hz), 6.61 (t, 2H, 3J = 7.5 Hz), 6.74 (t, 2H, 3J = 7.5 Hz), 6.78 (d, 2H, 
3J = 7.5 Hz), 6.94 (d, 2H, 3J = 7.5 Hz), 6.96 (d, 2H, 3J = 7.5 Hz), 6.98 (d, 4H, 3J = 7.5 Hz), 7.15 (t, 2H, 3J = 7.5 
Hz), 7.26 (d, 4H, 3J = 7.5 Hz), 7.34 (d, 2H, 3J = 7.5 Hz), 7.42 (t, 4H, 3J = 7.5 Hz), 7.50 (t, 2H, 3J = 7.5 Hz), 7.91 
(d, 4H, 3J = 7.5 Hz), 8.26 (d, 2H, 3J = 7.5 Hz), 8.39 (d, 2H, 3J = 7.5 Hz), 8.42 (t, 2H, 3J = 7.5 Hz). The crystal 
structure determination on 2b and 3b suggested the presence of MeOH and H2O in the crystal lattice. The 
elemental analysis gave a satisfactory match for a compound with the composition [Cd4(Ll)2(O2CC6H5)4] • 
MeOH • 6H2O. Elemental analysis calculated for C7lH70Cd4N6Ol9: C 48.43, H 4.01, N 4.77, Cd 25.53. Found: C 
48.24, H 3.90, N 4.83, Cd 25.82. Calculated mass ratio Cd/N: 5.3490. Found: 5.3458 (obtained from elemental 
analysis).
[Zn4(L1)2(O2CC6H5)4] (2d)
To a solution of 2.0 g [Zn(O2CC6H5)2] • 3/8H2O (6.4 mmol) in 100 ml MeOH at 70°C was added a solution of 
530 mg 2,6-diacetylpyridine (3.25 mmol) and 696 mg 2-aminophenol (6.4 mmol) in 40 ml MeOH. This solution 
was refluxed for 3 hours during which a yellow precipitate was formed. After cooling to r.t. the precipitate was 
isolated by filtration. Yield: 1.38 g. The 1H NMR is rather complicated and an assignment of the peaks is given 
in Chapter 3. Although the material stays crystalline over time, powder diffraction showed a change in pattern, 
indicating solvent loss. The crystal structure determination on 2b and 3b suggested the presence of MeOH and 
H2O in the crystal lattice. The elemental analysis gave a satisfactory match for a compound with the composition 
[Zn,(Ll)2(O2CPh)4] • 3MeOH • 2H2O. Elemental analysis calculated for C^H^O nZn,: C 56.03, H 4.51, N 
5.37. Found: C 56.14, H 4.46, N 5.50.
[Mn4(L1)2(O2CC6H5)4] (3d)
A solution of 2.0 g Mn(O2CC6H5)2 • 2H2O (6 mmol), 490 mg 2,6-diacetylpyridine (3 mmol) and 655 mg 2- 
aminophenol (6 mmol) in 100 ml oxygen free MeOH was refluxed for 3 hours under an argon atmosphere. After 
cooling to r.t. the precipitate was isolated by filtration. Yield: 590 mg. Although the material stays crystalline 
over time, powder diffraction showed a change in pattern, indicating solvent loss. The crystal structure 
determination on 2b and 3b suggested the presence of MeOH and H2O in the crystal lattice. The elemental 
analysis gave a satisfactory match for a compound with the composition [Mn4(Ll)2(O2CC6H5)4] • 3MeOH • 
2H2O. Elemental analysis calculated for C73H70Mn4N6Ol7: C 57.57, H 4.63, N 5.52. Found: C 57.33, H 4.53, N
5.73.
[Zn4(L1)2(O2CH)4] (2e)
A solution of 0.31 g Zn(O2CH)2 (2.01 mmol), 0.16 g 2,6-diacetylpyridine (1.01 mmol) and 0.22 g 2- 
aminophenol (2.01 mmol) in 30 ml methanol was refluxed for 12 hours. After cooling to r.t. the solvent was
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removed. The residue was dissolved in a minimal amount of methanol and the product was precipitated with 
diethylether. Single-crystals were obtained from a methanol solution top-layered with diethylether. A 
satisfactory elemental analysis can be obtained for a compound with the composition [Zn4(Ll)2(O2CH)4] • 
MeOH • 4H2O. Elemental analysis calculated for C47H50N6Ol7Zn4: C 45.80 H 4.09 N 6.82 O 22.07 Zn 21.22. 
Found C 45.52 H 4.04 N 6.94 O 22.20 Zn 21.06. Calculated mass ratio Zn/N: 3.1111. Found: 3.0346 (obtained 
from elemental analysis).
[Co4(L1)2(O2CH)4] • MeOH (4e)
A solution of 100 mg Co(O2CH)2 2H2O (0.54 mmol), 60 mg 2,6-diacetylpyridine (0.34 mmol) and 70 mg 2- 
aminophenol (0.67 mmol) in 30 ml methanol was refluxed for 3 hours under an argon atmosphere. After cooling 
to r.t. the solvent was removed. The residue was dissolved in a minimal amount of methanol and the product was 
precipitated with diethylether. Single crystals were obtained from a methanol solution top-layered with 
diethylether after 4 days. Unfortunately, no satisfactory elemental analysis could be obtained.
[Zn4(L1)2(O2CC6F5)4] (2f)
A solution of 4.88 g Zn(O2CC6F5)2 • H2O (9.7 mmol), 0.82 g 2,6-diacetylpyridine (5.0 mmol) and 1.09 g 2- 
aminophenol (10.0 mmol) was dissolved in 30 ml methanol and refluxed for 3 hours. After cooling to r.t. the 
solvent was removed. The oily residue was dissolved in a minimal amount of methanol and a brown solid was 
precipitated with a large amount of diethylether. Attempts to grown single crystals of the compound were not 
successful.
[Zn(L1)2][O2CC6F5)] (6)
The brown solid isolated from the reaction described in the preparation of 2f gave single crystals from a re­
crystallization from dichloromethane top-layered with diethylether. Single-crystal diffraction showed that the 
mononuclear species 6 had been formed. The compound was not further analyzed.
[Co4(L1)2(O2CC6F5)4] (4f)
A solution of 0.74 g Co(O2CC6F5)2 (1.54 mmol), 0.13 g 2,6-diacetylpyridine (0.77 mmol) and 0.17 g 2- 
aminophenol (1.54 mmol) in 30 ml methanol was refluxed for 3 hours under an argon atmosphere. After cooling 
to r.t. the solvent was removed. The oily residue was dissolved in a minimal amount of methanol and a brown 
solid was precipitated with a large amount of diethylether. Single-crystals were obtained from a dichloromethane 
solution top-layered with n-pentane. The sample was thoroughly dried before measuring the elemental analysis. 
A satisfactory elemental analysis could be obtained for a compound with the composition [Co4(Ll)2(O2CC6F5)4] 
with perhaps some minor amounts of dichloromethane still present. Elemental analysis calculated for 
C70H34Co4F20N6Ol2: C 47.59, H 1.94, N 4.76, Co 13.34. Found: C 47.02, H 2.06, N 4.75, Co 13.27.
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Cd3(L2)2(O2CCH3)2(DMF)2 (7)
A solution of 1.07 g Cd(O2CCH3)2 • 2H2O (4 mmol), 0.25 g 2,6-diacetylpyridine (2 mmol) and 0.44 g 2- 
aminophenol (4 mmol) in 20 ml DMF was heated to l50°C for l hour. After cooling to r.t. the dark red 
precipitate was isolated by filtration and dried in air. The bulk of the material was identified as 7 based on 
powder diffraction. Yield: 1.01 g (61%). Elemental analysis calculated for C48H46Cd3N8Ol0: C 46.79, H 3.76, N 
9.09. Found: C 46.23, H 3.74, N 8.98.
Zn2(L2)(O2CCH3)2(DMF) • 2DMF (8)
A solution of 439 mg zinc acetate dihydrate (2.0 mmol), 135 mg 2,6-diformylpyridine (1.0 mmol) and 220 mg 2- 
aminophenol (2.0 mmol) in 10 ml methanol was refluxed for 1 hour. After cooling to r.t. the orange precipitate 
of unknown composition was isolated by filtration. This orange precipitate was dissolved in boiling DMF. After 
cooling to r.t. the product was precipitated with a large amount of diethylether. Single-crystals could be grown 
from a DMF solution top-layered with diethylether. The product was not further analyzed.
Zn4(L3)2(O2CCH3)4 • 1.65 MeOH (9)
A solution of 1.53 g zinc acetate dihydrate (7.0 mmol), 1.0 g 2,6-dibenzoylpyridine (3.5 mmol) and 0.76 g 2- 
aminophenol (7.0 mmol) in 100 ml methanol was refluxed for 3 hours. After cooling to r.t. the solvent was 
removed. The residue was dissolved in toluene to remove the acetic acid in an azeotropic evaporation. The 
obtained solid was dissolved in a small amount of methanol and the product was precipitated with diethylether. 
Recrystallization of this orange solid was unsuccessful. The filtrate was left to evaporate and overnight large red 
crystals were formed. A satisfactory elemental analysis could not be obtained. The 1H NMR spectrum is 
discussed in Chapter 3.
Zn4(L2)2(O2CCH3)4 • 2CHCl3 • 2H2O (10)
To a solution of 878 mg zinc acetate dehydrate (4.0 mmol), 250 mg 2,6-diformylpyridine (2.0 mmol) and 660 
mg 2-amino-4-tert-butylphenol (4.0 mmol) in 20 ml methanol was refluxed for 1 hour. After cooling to r.t. the 
solvent was removed. The residue was dissolved in toluene to remove the excess acetic acid via azeotropic 
evaporation. This was repeated twice to yield a dark red solid. Single-crystals were grown from a chloroform 
solution top-layered with diethylether. During the preparation of the sample for elemental analysis some 
chloroform solvent was evaporated from the sample, because a good elemental analysis could be found for a 
compound with the composition Zn4(L2)2(O2CCH3)4 • CHCl3 • 2H2O. Elemental analysis calculated for 
Zn4C63H7lN6Ol4Cl3: C 50.31, H 4.76, N 5.59. Found: C 50.31, H 5.03, N 5.71.
Co4(L4)2(O2CCH3)4 (11)
A solution of 100 mg Co(O2CCH3)2 • 4H2O (0.4 mmol), 40 mg 4-chloro-2,6-diacetylpyridine (0.2 mmol) and 40 
mg 2-aminophenol (0.4 mmol) in 30 ml methanol was refluxed for 3 hours under an argon atmosphere. After
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cooling to r.t. the solvent was removed. The residue was dissolved in a minimal amount of methanol and a solid 
of unknown composition was precipitated with diethylether. The filtrate was left to evaporate and after 12 hours 
brown crystals were formed. Single-crystal diffraction identified them as Co4(L4)2(O2CCH3)4 • 2MeOH and 
these crystals have been used for the elemental analysis. These same crystals can be recrystallized from a DMF 
solution top-layered with diethylether. This compound has been identified as Co4(L4)2(O2CCH3)4 • 3.5DMF 
which have been used for the magnetic measurements. The compound Co4(L4)2(O2CCH3)4 • 2MeOH loses 
solvent molecules rapidly and the elemental analysis could be matched with Co4(L4)2(O2CCH3)4 • 0.25MeOH. 
Elemental analysis calculated for Co4C50.25H45N6O12.25Cl2: C 48.85, H 3.67, N 6.80, O 15.86, Cl 5.74, Co 19.08. 
Found: C 48.86, H 3.85, N 6.87, O 15.74, Cl 6.11, Co 18.75.
2.11 .4  C rystal S tru c tu re  D eterm ina tion
Single-crystal diffraction was performed on a Nonius KappaCCD single-crystal diffractometer (y and m scan 
mode) using graphite monochromated MoKa radiation. Intensity data were corrected for Lorentz and 
polarization effects. A semi-empirical multiscan absorption correction was applied (SADABS).[22] The structures 
were solved with Patterson search methods (DIRDIF).[23] The structures were refined with standard methods 
(refinement against F2 of all reflections with SHELXL97)[24] with anisotropic displacement parameters for the 
non-hydrogen atoms. The hydrogen atoms were placed at calculated positions and refined riding on the parent 
atoms unless indicated otherwise.
Crystal Structure of 2a. For compound 2a (measured at -175 °C) there were at the end of the anisotropic least- 
squares refinement some residual electron densities present, which could not be modeled satisfactorily using 
disordered and partially occupied solvent molecules. Bond distances and thermal displacement parameters were 
physically unacceptable. Therefore the SQUEEZE procedure of PLATON (Spek, 2003) was applied to account 
for these electron densities. The analysis showed two voids of 222 Â3 containing 53 electrons each. We assume 
that each void contains two disordered methanol moieties, and the physical data reported here are based on that 
assumption. The measurement of 2a at room temperature showed similar problems. Also for this structure the 
SQUEEZE procedure of PLATON (Spek, 2003) was applied. The analysis showed two voids of 226 Â3 
containing 32 electrons each. We assume that each void contains two disordered methanol moieties, and the 
physical data reported here are based on that assumption.
Crystal Structure of 3a (DMF/Et2O). The quality of the data obtained from crystals of 3a (DMF/Et2O) was 
rather poor, mainly caused by the instability of the crystals. Data above 25° were not reliable enough to be used 
in the analysis. Moreover, because of the short reciprocal axes, especially the c*-axis, quite a number of (strong) 
low-order reflections were hidden or affected by the beamstop. At the end of the least-squares refinement a 
number of residual peaks was found in the difference fourier map which could not be interpreted in a chemically 
and physically meaningful way. Therefore these densities were accounted for using the SQUEEZE procedure of 
PLATON (Spek, 2003). This procedure detected 2 large voids of 595 Â3 containing 104 electrons each in the 
whole unit cell besides some minor voids. Dimethylformamide (40 electrons) and diethylether (42 electrons) 
were used as solvents in the synthesis, but it is virtually impossible to draw any reliable conclusions from the
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SQUEEZE data. Therefore these densities were not taken into account while calculating physical properties of 
the title compound. All voids together form continuous channels running parallel to the b-axis through the unit 
cell, which will certainly have influenced the quality of the crystal structure analysis.
Crystal Structure of 3a (MeOH/Et2O). At the end of the least-squares refinement of 3a (MeOH/Et2O) a 
number of residual peaks was found in the difference fourier map which could not be interpreted in a chemically 
and physically meaningful way. Therefore these densities were accounted for using the SQUEEZE procedure of 
PLATON (Spek, 2003). This procedure detected 4 voids of 128 Á3 containing 26 electrons in the whole unit cell. 
Methanol (18 electrons) was used as solvent in the synthesis, and we assume that these residual peaks represent 
half a methanol moiety. This was taken into account while calculating physical properties of the title compound. 
Crystal Structure of 3a (MeCN). At the end of the least-squares refinement of 3a (MeCN) a number of residual 
peaks was found in the difference fourier map which could not be interpreted in a chemically and physically 
meaningful way. Therefore these densities were accounted for using the SQUEEZE procedure of PLATON 
(Spek, 2003). This procedure detected 4 voids of 254 Á3 containing 60 electrons each and 4 voids of 120 Á3 
containing 15 electrons each in the whole unit cell. Acetonitrile (22 electrons) was used as solvent in the 
synthesis, but it is virtually impossible to draw any reliable conclusions from the SQUEEZE data. Therefore 
these densities were not taken into account while calculating physical properties of the title compound.
Crystal Structure of 4a. At the end of the least-squares refinement of 4a a number of residual peaks was found 
in the difference fourier map which could not be interpreted in a chemically and physically meaningful way. 
Therefore these densities were accounted for using the SQUEEZE procedure of PLATON (Spek, 2003). This 
procedure detected 2 voids of 223 Á3 containing 41 electrons each in the whole unit cell. Methanol (18 electrons) 
was used as solvent in the synthesis, but it is virtually impossible to draw any reliable conclusions from the 
SQUEEZE data. Therefore these densities were not taken into account while calculating physical properties of 
the title compound [Co4(L1)2(O2CCH3)4] • 2MeOH (4a).
Crystal Structure of 2b. During the refinement of 2b it became clear that only two of the four benzoate ligands 
are fully occupied and that the other two are partly replaced by acetate ligands in a mean ratio of about 2:1. The 
site occupancy factors of the C6H5 moieties of the benzoate ligands, and hence of the CH3 moieties of the acetate 
ligands, were refined separately. The OOC moieties of both types of ligands were given unit site occupancy 
factors because of too large correlation factors when refined separately. And although the C6H5 moieties were 
constrained to have the same geometry as the fully occupied benzoate ligands, bonds distances and angles are 
not very reliable. At the end the anisotropic refinement, including one methanol and a single oxygen atoms on 
which no hydrogen atoms could be located, still showed a number of rather high residual density peaks. 
Attempts to assign partially occupied, disordered methanol molecules to these peaks invariably resulted in 
physically unacceptable bond distances and thermal displacement parameters. It should be noted that no too 
short intermolecular distances were detected. Eventually the SQUEEZE procedure of PLATON (Spek, 2003) 
was used to account for these residual densities. However, this showed 4 voids of a mere 18 Á3 containing 7 
electrons and 4 voids of 96 Á3, containing 22 electrons. As a consequence the influence of the SQUEEZE 
procedure is rather limited. Nevertheless, it is not unlikely that some additional solvent molecules are present in
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the structure in place of the missing benzoate ligands, although some volumes of the detected voids are not 
sufficient to accommodate additional solvent molecules. We assume that the SQUEEZE procedure cannot detect 
voids that result from partially occupied ligands. It is virtually impossible to give the exact chemical composition 
of the compound. The physical data given in Table 11 are based on the assumption that all benzoate are fully 
occupied, partly to compensate for the missing solvent molecules. This means that the number of carbon atoms 
in the whole unit cell is somewhere between 272 and 284, and the number of hydrogen atoms between 228 and 
232. A few atoms in the other ligands show rather large anisotropic thermal displacement parameters. It proved 
impossible to refine a disordered model for these atoms. Attempts to do so resulted in unstable refinements. 
Moreover, two disordered atoms, C44B and C65B, had to be refined isotropically to keep the displacement 
parameters physically acceptable.
Crystal Structure of 3b. During the refinement of 3b it became clear that only two of the four benzoate ligands 
are fully occupied and that the other two are partly replaced by acetate ligands in a mean ratio of about 2:1. The 
site occupancy factors of the C6H5 moieties of the benzoate ligands, and hence of the CH3 moieties of the acetate 
ligands, were refined separately. The OOC moieties of both types of ligands were given unit site occupancy 
factors because of too large correlation factors when refined separately. And although the C6H5 moieties were 
constrained to have the same geometry as the fully occupied benzoate ligands, bonds distances and angles are 
not very reliable. At the end the anisotropic refinement, including one methanol, still showed a number of rather 
high residual density peaks. Attempts to assign partially occupied, disordered methanol molecules to these peaks 
invariably resulted in physically unacceptable bond distances and thermal displacement parameters. It should be 
noted that no too short intermolecular distances were detected. Eventually the SQUEEZE procedure of PLATON 
(Spek, 2003) was used to account for these residual densities. However, this only showed 8 voids of about 46 Â3 
and 4 voids of about 54 Â3, each containing about 9 electrons. As a consequence the influence of the SQUEEZE 
procedure is rather limited. Nevertheless, it is not unlikely that some additional solvent molecules are present in 
the structure in place of the missing benzoate ligands, although the volumes of the detected voids are not 
sufficient to accommodate additional solvent molecules. We assume that the SQUEEZE procedure cannot detect 
voids that result from partially occupied ligands. It is virtually impossible to give the exact chemical composition 
of the compound. The physical data given in Table 11 are based on the assumption that all benzoate are fully 
occupied, partly to compensate for the missing solvent molecules. This means that the number of carbon atoms 
in the whole unit cell is somewhere between 272 and 284, and the number of hydrogen atoms between 228 and 
232. A few atoms in the other ligands show rather large anisotropic thermal displacement parameters. It proved 
impossible to refine a disordered model for these atoms. Attempts to do so resulted in unstable refinements. 
Crystal Structure of 2c_a. Two of the CF3 groups in the structure of 2c_a show very large rotational disorder 
for atoms F4 to F9. Attempts to split up these atoms resulted in an unstable refinement. This means that their 
anisotropic replacement parameters resulting from the least-squares refinement as reported here are physically 
meaningless. At the end of the least-squares refinement a number of residual peaks in the difference fourier map 
were interpreted as two tetrahydrofuran molecules and one diethylether moiety. However, for one of the two 
tetrahydrofuran molecules and for the diethylether molecule it proved to be impossible to refine the parameters
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in a physically meaningful way. Even with severe constraints on bond angles and bond distances it was not 
possible to refine the positional parameters into geometrically satisfying models and the use of anisotropic 
displacement parameters for these moieties resulted in an unstable refinement. Experiments with the SQUEEZE 
option of PLATON (Spek, 2003) showed that all solvent molecules are located in two huge holes of 964 Á3 in 
the unit cell, each containing 219 electrons. With the suggested solvent molecules this means that more than 30 
Á3 is available for each non-hydrogen atom in the solvent molecules. In the end it was decided to keep the 
parameters for one tetrahydrofuran molecule with reasonable geometry and to use the SQUEEZE procedure for 
the second tetrahydrofuran molecule and for the diethylether molecule. The procedure detected 4 voids of 349 Á3 
containing 63 electrons each in the whole unit cell. These two molecules were taken into account while 
calculating physical properties of the title compound. The higher order reflections proved to be rather weak and 
unreliable and therefore reflections above 25° were not used.
Crystal Structure of 2c_b. One of the CF3 groups in the structure of 2c_b shows a very large rotational disorder 
for atoms F1, F2, and F3. Attempts to split up these atoms resulted in an unstable refinement. This means that 
their anisotropic replacement parameters resulting from the least-squares refinement as reported here are 
physically meaningless. At the end of the least-squares refinement a number of residual peaks was found in the 
difference fourier map which could not be refined in a chemically and physically meaningful way although 
inspection of the difference fourier map strongly suggested the presence of at least one diethylether moiety. 
Therefore these densities were accounted for using the SQUEEZE procedure of PLATON (Spek, 2003). This 
procedure detected 4 voids of 334 Á3 containing 66 electrons each in the whole unit cell. Diethylether (42 
electrons) was used as solvent in the synthesis, and we assume that these residual peaks represent at least one 
diethylether moiety. This was taken into account while calculating physical properties of the title compound. 
Crystal Structure of 3c. For compound 3c, several crystals from different batches were measured, with the best 
data presented in this work. The electron density map showed the presence of three solvent molecules. One of 
the THF solvent molecules could be described isotropically, and for the other solvent molecules the program 
SQUEEZE was used, because the molecules could not be refined in a chemically and physically meaningful 
way. The number of electrons that was found was unreliable due to the absence of important low-order 
reflections. However, it is evident from the difference map that the solvent residues consist of THF and 
diethylether with a partial occupation. Therefore, the chemical composition of this cluster was determined to be 
[Mn4(L1)2(O2CCF3)4] • 1.5THF • 0.5Et2O. However, for the calculation of the physical properties of this cluster 
the results from the SQUEEZE procedure has not been included.
Crystal Structure of 4c. In the structure of 4c the fluorine atoms show large anisotropic thermal displacement 
parameters. For some of them it was possible to refine partially occupied disordered positions, but even then the 
result was not adequate enough. It should be noted that the fluorine atoms probably can rotate rather freely and 
that trying to describe this continuous electron density with discrete atomic positions is bound to fail. Therefore 
the positional and anisotropic thermal displacement parameters of the fluorine atoms should be treated with 
proper care.
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Crystal Structure of 2e. The crystal structure of 2e had at the end of the least-squares refinement a large 
number of residual peaks in the difference fourier map which could not be interpreted in a chemically and 
physically meaningful way. Therefore, these densities were accounted for using the SQUEEZE procedure of 
PLATON (Spek, 2003). This procedure detected 1 large void of 1192 A3 containing 496 electrons. Methanol and 
diethylether were used as solvents in the synthesis, but it is impossible to draw any reliable conclusions from the 
SQUEEZE data. Therefore, these densities were not taken into account while calculating physical properties of 
the title compound. After the SQUEEZE procedure there are still a number of high residual peaks found. 
However, these are found in close proximity of the metal centers and are therefore not interpreted any further. 
Crystal Structure of 4e. The crystal structure of 4e contains a disordered methanol solvent molecule. The 
disorder could be described adequately, but it was not possible to place any hydrogen atoms on this molecule. 
Crystal Structure of 4f. The structure of 4f contains 3 well-behaved dichloromethane moieties and l well- 
behaved n-pentane moiety, but it also contains large channels running parallel to the a-axis. PLATON (Spek, 
2003) shows two very large voids of 1445 A3 containing 354 electrons each. The Fourier map shows no useful 
features in these regions and it is impossible to parameterize these electron densities. Therefore it was decided to 
apply the SQUEEZE procedure to account for these electron densities. It is dangerous to speculate about the 
possible moieties that could be present in the voids. Dichloromethane and n-pentane have the same number of 
electrons (42), but probably chlorine atoms would result in more pronounced features in the Fourier map, so 
probably an additional number of n-pentane moieties is present in these voids. Because of this uncertainty these 
densities were not taken into account while calculating some physical properties of the crystal. The channels in 
the crystal also probably allow for evaporation of solvent moieties during handling and data collection. 
Moreover, the large fraction of the unit cell filled with solvent moieties (29%) might be the reason for the weak 
diffracting power of the crystals (up to 23 = 20) and for the difficulty to grow larger crystals.
Crystal Structure of 8. At the end the anisotropic least-squares refinement of compound 8 showed some 
residual electron densities which could not be modeled satisfactorily using disordered and partially occupied 
solvent molecules. Bond distances and thermal displacement parameters were physically unacceptable. 
Therefore, the SQUEEZE procedure of PLATON (Spek, 2003) was applied to account for these electron 
densities. The analysis showed two voids of 529 A3 containing 176 electron each. We assume that each void 
contains four disordered DMF moieties, and the physical data reported here are based on that assumption.
Crystal Structure of 9. The crystal of 9 was twinned with a 180° rotation about hkl = (010) as twin operation. 
This twin law was taken into account during the integration. The twin fraction refined to 0.414(2).
Crystal Structure of 11. The structure of 11 contains 7 DMF moieties, most of which are rather disordered. 
Bond distances and second neighbor distances were constrained while allowing for torsional freedom, but 
nevertheless the geometry of some DMF moieties is rather bad, and some anisotropic thermal displacement 
parameters are quite unlikely. Refinement of site occupancy factors showed that these positions are fully 
occupied. Unfortunately it proved to be impossible to refine this disorder. Therefore these moieties should be 
treated with proper care. Unfortunately data with respect to crystal shape and crystal dimensions were 
irretrievably lost. Data with respect to the absorption correction are valid.
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la  (RT) 2a (LT) 2a (RT) 3 a (DMF/n-pentane) 3a (DMF/Et2 0 ) 3a (M e0H /Et2 0 )
Crystal colour red-brown yellow-brown yellow-brown red-brown red red
Crystal size [mm] 0.24x0 .21  x 0.14 0 .24x0 .21  x 0.14 0 .24x0 .21  x0 .14 0 .3 9 x 0 .2 4 x 0 .2 0 0.24 x 0.24 x 0.22 0.33 x 0 .2 5 x 0 .2 5
Empirical formula C5 3 H 5 5 Cd4N 7 0 1 4 C53H58N60 15Zn4 C53H58N60 15Zn4 C 5 9 H 6 7 Mn4N 9 0 15 ( \ s  '11': Alll ;\\. ,( ) i C54H58Mn4N60i5
M w 1463.64 1280.53 1280.53 1361.98 1216.30 1250.82
T [K] 298 (2) 98(2) 298(2) 208(2) 208(2) 208(2)
Radiation, X [Ä] M oKa, 0.71073 M oKa, 0.71073 M oKa, 0.71073 M oKa, 0.71073 M oKa, 0.71073 M oKa, 0.71073
Crystal system Orthorhombic Monoclinic Monoclinic Monoclinic Monoclinic Monoclinic
Space Group P 2 l2 l2 l P 2 l/n P 2 l/n P 2 l/c P 2 l/c C2!c
a [A] 14.3900(8) 11.3022(16) 11.4295(9) 11.4395(14) 18.055(3) 16.3777(12)
b [A] 16.1430(9) 22.274(4) 22.4046(17) 19.923(4) 14.222(3) 15.6770(12)
c [A] 23.611(3) 21.923(3) 22.0997(13) 27.660(5) 45.1661(18) 22.0145(15)
«  [°] 90 90 90 90 90 90
ß[°] 90 103.818(10) 103.997(6) 101.527(10) 100.074(9) 102.727(6)
y[°] 90 90 90 90 90 90
Volume [A3] 5484.9(8) 5359.2(15) 5491.1(7) 6177.0(17) 11418(3) 5513.4(7)
Z, Dcalc [mg/m3] 4, 1.772 4, 1.587 4, 1.549 4, 1.465 8 , 1.415 4, 1.507
|x [mm'1] 1.601 1.843 1.799 0.872 0.930 0.968
F(000) 2904 2632 2632 2816 5000 2576
9 range [°] 2.08 to 27.50 2.06 to 27.50 2.05 to 27.50 2.04 to 27.50 5.02 to 25.00 2.18 to 27.50
Index ranges h -18 to 1 2 -14 to 14 -13 to 14 -14 to 14 - 2 1  to 2 1 - 2 1  to 2 0
k -19 to 20 -28 to 27 -27 to 25 -23 to 25 -16 to 16 - 2 0  to 2 0
1 -29 to 30 -28 to 28 -28 to 28 -35 to 35 -53 to 53 -28 to 28
Refl. collected / Unique 48770 / 11254 78861 / 11948 41286/10094 87755 / 14010 109145/ 18700 32936/6300
Refl. Obs. ([Io>2a(Io)]) 7572 9867 6782 10702 12774 5260
Completeness to 29 25.00 (95.6%) 25.00 (95.6%) 25.00 (82.4%) 25.00 (96.1%) 25.00 (89.1%) 25.00 (48.1%)
Goodness-of-fit on F 2 1.092 1.133 1.130 1.150 1.097 1.217
Final R l,w R 2  [I>2a(I)] 0.0504, 0.0706 0.0381,0.0951 0.0485,0.1024 0.0521,0.1014 0.0672,0.1219 0.0512,0.1029
R l, wR2 (all data) 0.1000,0.0809 0.0536, 0.1005 0.0892,0.1130 0.0767,0.1080 0.1115,0.1369 0.0654,0.1071
pan (max/min) [e.A'3] 0.686, -0.786 0.944,-0.615 0.521,-0.388 0.385,-0.425 0.754,-0.410 0.547, -0.370
Table 
11 
Crystal data 
and 
data 
collection param
eters for 
la, 2 a 
and 
3 a.
3a (MeCN) 4a 2b 3b 2c_a 2c_b
Crystal colour colourless red light brown-orange red light yellow-brown light yellow-brown
Crystal size [mm] 0.31 x 0 .2 3 x 0 .1 6 0 .2 2 x 0 .1 8 x 0 .1 8 0.21 x 0 .1 6 x 0 .1 5 0.31 x 0 .2 5 x 0 .1 3 0 .2 6 x 0 .1 8 x 0 .1 6 0 .2 0 x 0 .1 5 x 0 .1 3
Empirical formula C 5 6 H 5 5 Mn 4N 9 0 12 C 5 2 H 5 4 C 0 4 N 6 O 1 4 C 7 iH 5 8 N 6 0 1 4Zn 4 C TiF^M ^N gO n C 6 2 H 6 0 F ^ N ^ O ^ Z ^ C58H54F12N60 14Zn4
Mw 1265.85 1222.73 1480.71 1422.99 1618.64 1548.55
T [K] 208(2) 208(2) 208(2) 208(2) 208(2) 208(2)
Radiation, X [Ä] M oKa, 0.71073 M oKa, 0.71073 M oKa, 0.71073 M oKa, 0.71073 M oKa, 0.71073 M oKa, 0.71073
Crystal system Monoclinic Monoclinic Monoclinic Monoclinic Monoclinic Orthorhombic
Space Group C2/c P2i/n P 2 x!c P2i/c P 2 l/n Pccn
a [A] 28.090(6) 11.3806(12) 16.3210(17) 16.187(3) 18.385(3) 14.7126(19)
b [A] 27.013(6) 22.339(4) 15.815(2) 15.9769(15) 19.002(2) 17.1948(19)
c [A] 20.814(3) 22.0811(5) 25.080(3) 25.357(3) 19.5281(16) 24.157(10)
«  [°] 90 90 90 90 90 90
ß[°] 129.953(9) 104.531(6) 92.570(10) 92.473(10) 106.248(12) 90
y[°] 90 90 90 90 90 90
Volume [A3] 12107(4) 5434.2(11) 6467.0(14) 6551.7(16) 6549.8(15) 6111(3)
Z, Dcalc [mg/m3] 8,1.389 4, 1.495 4, 1.521 4, 1.443 4, 1.641 4, 1.683
|x [mm'1] 0.880 1.269 1.538 0.823 1.552 1.658
F(000) 5200 2512 3032 2920 3288 3136
9 range [°] 1.21 to 27.51 2.46 to 25.00 2.01 to 27.50 2.05 to 27.50 2.41 to 25.00 2.37 to 27.53
Index ranges h -36 to 36 -13 to 13 - 2 0  to 2 1 - 2 0  to 2 1 - 2 1  to 2 1 -18 to 19
k -35 to 34 -26 to 26 - 2 0  to 2 0 -19 to 20 - 2 2  to 2 2 - 2 1  to 2 2
1 -27 to 26 -25 to 26 -32 to 32 -32 to 32 -23 to 23 -20 to 31
Refl. collected /  Unique 77576/13805 54635 / 9405 96004 / 14604 74583 / 14963 87024/ 11524 44307/6981
Refl. Obs. ([Io>2a(Io)]) 9056 7489 8722 9403 9027 4858
Completeness to 29 25.00 (48.7%) 25.00 (95.5%) 25.00 (95.2%) 25.00 (96.0%) 25.00 (96.7%) 25.00 (97.2%)
Goodness-of-fit on F 2 1.087 1.140 1.062 1.064 1.080 1.035
Final R l,w R 2  [I>2a(I)] 0.0614,0.1862 0.0494, 0.0840 0.0648, 0.1351 0.0637,0.1625 0.0456,0.1206 0.0609,0.1312
R l, wR2 (all data) 0.0972, 0.2075 0.0702, 0.0896 0.1234, 0.1566 0.1058,0.1836 0.0608,0.1294 0.0924,0.1433
pfm (max/min) [e.A'3] 0.854, -0.597 0.393,-0.342 0.785,-0.437 1.286,-0.456 1.431,-0.876 0.867, -0.929
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3c 5 4c 2e 4e 4f
Crystal colour red-brown red red yellow-brown red orange
Crystal size [mm] 0 .4 2 x 0 .1 3 x 0 .1 2 0 .2 8 x 0 .1 9 x 0 .1 9 0 .2 2 x 0 .1 5 x 0 .1 4 0 .3 7 x 0 .1 8 x 0 .1 5 0.31 x 0 .20x0 .05 0.2 x 0.1 x 0.1
Empirical formula C54H42F 12M n4N 60 13 C23H i9F 3 Mno.5 oN304 C51H36C12Co4F 12N 60 12 C4óH38 NgOi2Zn4 C47H42C04NöOi3 C74H43C13Co4F2oN 60 12
Mw 1430.70 485.88 1459.48 1128.30 1134.59 1930.21
T [K] 208(2) 208(2) 208(2) 208(2) 208(2) 208(2)
Radiation, X [Ä] M oKa, 0.71073 M oKa, 0.71073 M oKa, 0.71073 M oKa, 0.71073 M oKa, 0.71073 M oKa, 0.71073
Crystal system Monoclinic Monoclinic Monoclinic Tetragonal Trigonal Monoclinic
Space Group P2i/n C2 C2c P 4 A 2 P3j21 P2i/n
a [A] 18.524(3) 14.7072(8) 16.8960(9) 13.2072(14) 11.7497(13) 27.2081(4)
b [A] 19.288(4) 17.9005(17) 16.2249(9) 13.2072(14) 11.7497(13) 20.1719(4)
c [A] 19.418(2) 8.3045(8) 19.7572(11) 29.329(5) 28.220(3) 30.54193(18)
«  [°] 90 90 90 90 90 90
ß[°] 106.242(10) 96.824(5) 94.799(4) 90 90 91.9630(10)
y[°] 90 90 90 90 120 90
Volume [A3] 6661.4(18) 2170.8(3) 5397.2(5) 5115.8(11) 3373.9(6) 16752.8(4)
Z, Dcalc [mg/m3] 4, 1.427 4, 1.487 4, 1.796 4, 1.465 3, 1.675 8, 1.531
|x [mm'1] 0.834 0.392 1.418 1.916 1.525 0.978
F(000) 2880 998 2920 2288 1734 7712
9 range [°] 2.08 to 25.00 2.28 to 27.49 2.08 to 27.50 1.69 to 27.52 2.00 to 27.51 1.67 to 23.00
Index ranges h -21 to 19 -19 to 19 -21 to 21 -17 to 16 -14 to 15 -29 to 29
k -21 to 22 -23 to 22 -21 to 21 -17 to 17 -15 to 14 -21 to 22
1 -22 to 22 -10 to 10 -25 to 25 -38 to 38 -36 to 36 -33 to 33
Refl. collected / Unique 34128/9327 17379/4869 56216/6192 111053 /5886 80755/5183 175141 / 23304
Refl. Obs. ([Io>2a(Io)]) 3924 4337 4965 5650 4892 15620
Completeness to 29 25.00 (77.0%) 25.00 (49.8%) 50.00 (95.8%) 25.00 (99.9%) 25.00 (100.0%) 23.00 (96.7%)
Goodness-of-fit on F 2 0.976 1.042 1.081 1.173 1.067 1.030
F in a lR l,w R 2  [I>2a(I)] 0.0749,0.1924 0.0459,0.1188 0.0387, 0.0672 0.0625,0.1611 0.0253,0.0542 0.0588,0.1356
R1, wR2 (all data) 0.1765,0.2337 0.0538,0.1235 0.0567,0.0730 0.0655,0.1631 0.0287,0.0554 0.0979,0.1499
pfm (max/min) [e.A'3] 0.895, -0.624 0.748 a n d -0.401 0.550, -0.617 1.767,-0.598 0.622, -0.296 0.706, -0.395
Table 
11 
Continued. Crystal data 
and 
data 
collection param
eters for 3c, 5, 4c, 2e, 4e 
and 
4f.
6 8 9 10 11 (M e0H /Et2 0 ) 11 (DMF/Et2 0 )
Crystal colour light yellow-brown orange-brown orange red-brown red-brown red-brown
Crystal size [mm] 0 .2 4 x 0 .1 4 x 0 .0 6 0.23 x 0 .0 6 x 0 .0 3 0 .2 4 x 0 .2 4 x 0 .0 8 0.25 x 0 .2 4 x 0 .0 5 0 .1 8 x 0 .1 3 x 0 .0 3 0 .1 0 x 0 .1 0 x 0 . 1 0
Empirical formula C 5 6 H 4 0 F loN^ OpZn C 3 2 H 4 oN6 0 9Zn 2 C71.65H60.6N6O13 6 5 Zn4 C64H72Cl6NöOi4Zn4 C 5 2 H 5 2 C12 Co4N 6 0 14 Cm H ! 3 7 C14 Co8N 19 0 31
M w 1196.31 783.44 1485.54 1623.46 1291.62 2966.74
T [K] 208(2) 208(2) 208(2) 208(2) 208(2) 208(2)
Radiation, X [Ä] M oKa, 0.71073 M oKa, 0.71073 M oKa, 0.71073 M oKa, 0.71073 M oKa, 0.71073 M oKa, 0.71073
Crystal system Triclinic Monoclinic Triclinic Monoclinic Monoclinic Triclinic
Space Group P -1 P2\/n P - 1 P 2 l/a C2/c P -1
a [A] 12.2095(7) 8.8503(5) 12.5579(6) 14.5599(6) 25.081(3) 18.9423(16)
b [A] 14.2561(12) 24.955(3) 15.3997(5) 15.9732(7) 23.249(2) 19.6723(19)
c [A] 16.7294(10) 15.6176(19) 19.7235(9) 15.5271(16) 21.655(2) 21.088(3)
«  [°] 101.353(6) 90 92.210(2) 90 90 77.542(8)
ß [°] 110.421(6) 92.139(7) 93.629(2) 104.473(6) 123.295(9) 65.063(7)
y[°] 93.803(6) 90 107.448(2) 90 90 64.315(6)
Volume [A3] 2646.5(3) 3446.9(6) 3624.9(3) 3496.5(4) 10554.7(19) 6416.3(13)
Z, Dcalc [mg/m3] 2, 1.501 4, 1.510 2, 1.361 2, 1.542 8 , 1.626 2, 1.536
¡ 1  [mm'1] 0.563 1.453 1.372 1.651 1.410 1.174
F(000) 1 2 2 0 1624 1523 1664 5280 3056
9 range [°] 1.34 to 27.52 2.09 to 27.50 1.7 to 25.7 2.14 to 27.50 2.04 to 27.49 2.02 to 27.53
Index ranges h -15 to 15 - 1 1  to 1 0 -15 to 15 -18 to 18 -32 to 32 -24 to 24
k -18 to 18 -31 to 32 -18 to 18 - 2 0  to 2 0 -28 to 30 -25 to 25
1 - 2 1  to 2 1 - 2 0  to 2 0 -23 to 23 - 2 0  to 2 0 -27 to 27 -27 to 27
Refl. collected / Unique 65121/12179 45018 /7882 38860/13478 73661 / 7888 119106/ 12053 141791 / 29116
Refl. Obs. ([Io>2a(Io)]) 8198 4796 1 0 2 2 0 5976 7913 19645
Completeness to 29 25.00 (100.0%) 25.00 (97.0%) 25.70 (97.5%) 25.00 (95.2%) 25.00 (97.4%) 25.00 (99.6%)
Goodness-of-fit on F 2 1.057 1.075 1.04 1.031 1.061 1.057
Final R l,w R 2  [I>2a(I)] 0.0601,0.1161 0.1022,0.2077 0.0693,0.2048 0.0605,0.1500 0.0622, 0.0989 0.0488, 0.0997
R l, wR2 (all data) 0.1027, 0.1322 0.1655,0.2305 0.0931,0.2243 0.0854,0.1676 0.1134,0.1125 0.0918,0.1211
pan (max/min) [e.A'3] 1.395,-0.434 1.052,-0.987 1.94,-1.33 1.218,-1.530 0.676,-0.537 1.180,-0.914
£s
a.ss
i t
f
§
a.
S'
rso
rs
o'a
Ö>sÖ
3
>s
®o
>©
K*
Ö
K*K4
f
s*
Ss>)’
ö
9
Ö>sÖrs
2N
Ö
O'
ÖSSirs
Ö>s
<V
S'
p>soo
tÖ
Qsi>!
3
CHAPTER 2
2.11.5  C rystal S tru c tu re  A na lysis
The probability that two bond lengths are significantly different can be determined by calculating the q value 
according to Equation 2[25],
|x i'x j|
q = - h d r  ( 2 }
+ g j
where q is a measure of the relationship of the difference |xi-xJ| to the respective estimated standard deviations, xi 
and xj are the two bond lengths that are to be compared, ci and cj are the respective estimated standard deviations 
of the two bonds. If q > 3 then the two bonds are significantly different with a probability of 99.7%.
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CHAPTER 3
Dynamic Behavior of Diamagnetic Tetranuclear 
Carboxylate Clusters
Abstract
In this chapter it is demonstrated that the tetranuclear zinc and cadmium carboxylate clusters 
are thermochromic in both the solid state as well as in solution. The thermochromism in 
solution has been studied with U V -V is and variable temperature NM R. The NM R studies 
showed tw o, probably independent, dynamical processes within the cluster. The first 
dynamical process is the interconversion, both inter- as well as intramolecular, between syn- 
syn  bridging and chelating carboxylate ligands. The second dynamical process involves the 
diiminepyridine ligand. Three possible models for these dynamics are discussed and it appears 
that a non-dissociative process, which changes the chirality of the tetranuclear cluster, is 
occurring.
CHAPTER 3
3.1 Introduction
The carboxylate functionality serves as a very important ligand in many biological systems 
due to its variety and flexibility in different coordination modes (C hart 1).[1, 2] This flexibility 
is reflected in the 1,2-carboxylate sh ift}3  which is the inter-conversion o f  a monodentate 
bridging to a syn-syn  bidentate bridging coordination mode via several possible 
intermediates.^  The switching between these coordination modes is a low-energy process 
that is assumed to play an important role in catalytic cycles o f  m etalloenzym es[4], for instance 
in the reaction o f  di-iron centers o f  non-heme iron enzymes with molecular oxygen.[5] The 
exact nature o f  its role in the catalytic mechanism o f  metalloenzymes is still unclear, 
exemplified by the studies on the zinc metalloenzyme fanesyltransferase.[6, 7] From several X- 
ray crystallographic[8] and EX A FS[9] studies two possible models are suggested for the 
coordination sphere around the zinc active site, but the mechanism o f  catalysis is still under
investigation. [6, 10] In addition to theoretical models used to understand the catalytic
mechanism in metalloenzymes, synthetic m imics have been studied to gain more insight into 
these mechanisms and the role o f  the carboxylate ligand.[11]
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Chart 1 Carboxylate binding modes in metal complexes. Adopted from Rardin et al. [1]
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3.1.1 A im  o f  th is C hapter
The core o f  the tetranuclear metal clusters, described in C hapter 2 (and given as a reminder in 
Figure  1), resembles the cubane-like Mn4O4 structure suggested to be one o f  the possible 
intermediates in the catalytic cycle o f  the oxygen evolving system (OEC) in Photosystem II 
(PSII). As with many biological systems, X-ray crystallographic and EXAFS data have 
revealed some aspects o f  the mechanism by which this catalyst functions, but there is not yet a 
uniform agreement and proof o f  all the details. The tetranuclear carboxylate clusters discussed 
in this thesis contain two different coordination modes o f  the carboxylate ligand (chelating 
and syn-syn  bridging). Studying the dynamical character o f  this tetranuclear compound could 
help in the understanding o f  the flexibility o f  metalloenzymes in catalysis and their material 
properties. Furthermore, in C hapter 2 it was shown that attempts to crystallize these clusters 
in some cases leads to different compounds. Understanding this behavior in solution could 
shed some light on the formation o f  these polynuclear species in both solution and solid state. 
Therefore, in this chapter the dynamical behavior o f  the diamagnetic zinc and cadmium 
tetranuclear carboxylate clusters (Chapter 2) is studied with U V -V is and Variable 
Temperature (VT) NM R spectroscopy.
Figure 1 Molecular structure o f the tetranuclear cluster.
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3.2 Thermo- and Solvatochromic Properties
3.2.1 S o lid  S ta te
During recrystallization o f  the tetranuclear clusters, it was noticed that the solution changed in 
colour upon heating (most prominent in the zinc clusters). This colour change was more 
pronounced in the solid state, as is shown in Figure 2 . The single crystals o f  
[Zn4(L1)2(O2CCH3)4] (2a) are orange at room temperature. Cooling the single crystals to 
-50°C, and even further in liquid nitrogen, gradually changes the color to yellow , whereas 
heating the single crystals leads to a gradual change to red. This thermochromic property is 
reversible and can be repeated for several consecutive heating and cooling cycles. In 
Chapter 2 two X-ray diffraction measurements, one at 298 K and one at 98 K, o f  the Zn4- 
cluster were presented and these measurements showed no major structural changes within 
the cluster. This rules out the possibility o f  structural thermochromism, which is often 
encountered for e.g. schiff bases[12] and spiroxazines[13]. A  small difference between the two  
X-ray structures can be found in the bond lengths and angles (as discussed in C hapter  2), 
which could perhaps simply be explained by the difference in temperature between the two  
measurements. These small differences could also change the coordination environment 
around the metal atoms slightly, which could lead to a change in electron density and energy 
level splitting o f  the d-orbitals. These small alterations are probably responsible for the 
observed thermochromism in the solid state.
liq. N i -50°C  
I .  '
room  tem perature heat gun
\
Figure 2 Solid state thermochromism o f [Zn4(L1)2(O2CCH3)4]  (2a). A t very low temperatures the color o f the 
compound is yellow (left), which changes gradually to red with increasing temperatures (right).
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3.2.2 S o lu tion
The color change o f  1a and 2a in solution was studied with U V -vis spectroscopy. In Figure  
3a  the absorption spectra o f  1a (Cd complex) in DMF at different temperatures are shown. 
The spectrum at 293 K shows an absorption band at X = 341 nm (s = 17,000 M"1 cm-1), which 
is attributed to intra-ligand n-n* transition. The absorption band at X = ~296 nm is also 
assigned to intra-ligand n-n* transitions. The absorption band at X = 411 nm (s = 23,500 M -1 
cm-1) is due to the MLCT (Metal-to-Ligand Charge Transfer) o f  the d10 metal atom to the 
energetically low  lying n* orbitals o f  the ligand.[14] Increasing the temperature o f  the solution 
shows a decrease in absorption intensity o f  all three absorption bands. The absorption band at 
X = 411 nm not only decreases in intensity, but also shows a small red shift to X = 421 nm at 
353 K accompanied with a broadening o f  the band. The absorption spectrum o f  2a at 293 K 
(Figure 3b) is very similar with bands at X = 337 nm (s = 14,500 M -1 cm-1) and 413 nm (s = 
23,000 M -1 cm-1), which are assigned to respectively an intraligand n-n* transitions and a 
MLCT band. There appears to be no band at X = 296 nm as was found in the spectrum o f  1a. 
Increasing the temperature to 353 K shows a decrease in both absorption bands, but there is 
no noticeable shift in wavelength. The broadening o f  the band at X = 413 nm is less than the 
band in the spectrum o f  1a. Consecutive heating and cooling cycles o f  the solution shows a 
reversible process, although the original absorption intensity is not fully restored. One 
explanation for this lack in complete reversibility could be a partial decomposition o f  the 
cluster.
The absorption spectrum o f  2a (Zn complex) was also measured in two other solvents (Figure  
3c), which shows a moderate solvatochromic effect. The absorption spectrum in M eCN is 
very comparable to the spectrum in DMF with absorption bands at X = 293 nm (s = 23,500  
M -1 cm-1), 329 nm (s = 18,850 M -1 cm-1) and 403 nm (s = 26,500 M -1 cm-1). The absorption 
spectrum o f  2a in M eOH does show some significant changes. The absorption band at X = 293 
nm (s =22,500 M -1 cm-1) is much more visible than in the spectra in DM F and M eCN, which 
also applies for the band at X = 338 nm (s = 18,500 M -1 cm-1). The MLCT band at X = 392 nm 
(s = 21,000 M -1 cm-1) is blue shifted compared to the MLCT bands in DMF and MeCN. 
Increasing the temperature o f  the solution causes a change in absorption spectrum for all 
solvents. The intensity o f  the bands decreases and this is dependent on the solvent polarity. 
This is in agreement with the observation that the solvent plays a role in the crystal structure.
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Translating this effect from solid state to solution, the dependence o f  the absorption spectrum 
in solution indicates that the solvent influences the orientation o f  the (carboxylate) ligands.
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Figure 3 UV-vis spectra o f a) [Cd4(L1)2(O2CCH3) 4]  (1a) and b) [Zn4(L1)2(O2CCH3)4]  (2a) in DMF (conc. 2.0 x 
10-5 mol/L) at different temperatures. c) The absorption spectrum o f [Zn4(L1)2(O2CCH3) 4]  (2a) changes slightly 
in different solvents, indicative o f solvatochromic behavior.
3.3 VT NMR of Zn and Cd Acetate Clusters
To gain more understanding o f  the dynamic behavior o f  the tetranuclear acetate clusters in 
solution, the cadmium and zinc acetate clusters (1a and 2a) have been analyzed with VT 
NM R spectroscopy.
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Figure 4 1H NMR spectrum o f Zn4(L1)2(O2CCH3) 4 (2a) in DMF-d7 measured at three different temperatures. 
The * indicates that the corresponding proton atom is shielded by the aromatic system o f the other ligand in the 
cluster. f  = DMF-d7 solvent peaks. f  = Trace amounts o f Et2O. § = MeOH crystal lattice solvent.
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3.3.1 N M R  Spectra  o f  [Z n 4(L1)2(O2C C H 3)4] (2a)
In F igure 4  the 1H NM R spectra at 257 K, 298 K and 357 K o f  2a in DM F-d7 are shown ( 1H  
NM R spectra o f  the in-between temperatures are presented in Figure S1). The 1H NM R
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spectrum at 298 K shows a very strong broadening o f  the peaks, indicative o f  dynamical 
processes within the tetranuclear cluster. Only proton 1 (see Figure 4  for the numbering o f  the 
protons) seems to be rather static, the peak is clearly resolved in a triplet with only minor 
broadening. The aromatic protons 2 and 4-7 are in region between 6.3 to 8.3 ppm and are very 
broad. Proton 3, the methyl on the imine, gives a peak in between the signals o f  the deuterated 
DMF solvent (around 2.8 ppm). The broad peaks at 1.36 and 0.82 ppm are assigned to the 
methyl group o f  the acetate ligands. Upon heating the sample to 357 K the peaks become 
sharp and fully resolved. The spectrum shows a symmetrical diiminepyridine ligand and the 
number o f  peaks are indicative o f  only one species in solution. The two acetate peaks at 298  
K have merged into a single peak at 1.25 ppm, but this appears to happen in a somewhat 
asymmetric fashion (Figure S1). The integration o f  the area under the peaks show a slightly 
unevenly distributed population o f  the sites, which is rather remarkable. A  detailed inspection 
o f  the spectrum at 257 K shows a small slightly broadened peak at 1.89 ppm, which is 
assigned to the methyl resonance o f  a trace amount o f  acetic acid. This trace amount o f  acetic 
acid participates in the dynamical motion o f  the carboxylates, which leads to the observed 
unevenly distributed sites.
Cooling the sample from 298 K to 257 K also leads to sharpening and resolving o f  the peaks. 
The spectrum shows, however, the presence o f  an asymmetric diiminepyridine ligand. This 
asymmetry o f  the ligand implies that the tetranuclear cluster is already a cluster in solution, 
and that the difference in chemical shift o f  the peaks is caused by a shielding effect. The 
tetranuclear cluster (Figure  1) can be divided by a plane in two equal m oieties with the 
composition M 2(L1)(O2CCH3)2, o f  which the lowest part is rotated 90° with respect to the 
upper half. H alf o f  the diiminepyridine ligand in the upper moiety is located above half o f  the 
diiminepyridine ligand o f  the lower part (schematically shown in F igure 7a; the S1 or S3 
state). These two “overlapping” parts o f  the diiminepyridine ligand are electronically 
influenced by each other, causing a different chemical shift in comparison with the non­
interacting part o f  the diiminepyridine ligand. Hence, an asymmetrical diiminepyridine ligand 
is observed, when the dynamical behavior o f  the m olecule becom es slower than the NM R  
timescale. At higher temperatures the dynamical behavior o f  the cluster is faster than the 
NM R timescale and the shielding effect is no longer observed. Furthermore, it is noticed that 
the chemical shift difference between the protons 4 and 4* (AS = 0.15 ppm) is much smaller
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than the chemical shift difference between protons 7 and 7* (AS = 0.71 ppm) (an overview o f  
the chemical shifts and chemical shift differences for cluster 1a and 2a are given in Table 1 at 
the end o f  this section). The crystal structure o f  the tetranuclear clusters show a tilting o f  the 
phenolate moiety with regard to the pyridine ring (in Chapter 2 indicated with the non­
planarity o f  the N 3O2 donor set). The position o f  proton 7 is closer to the aromatic system o f  
the pyridine ring, and w ill therefore experience more shielding than proton 4. This shielding 
effect is seen for all the protons o f  the phenolate ring, with the difference between the proton 
and proton* increasing in the order o f  4 < 5 < 6 < 7, which is a similar order as the distance 
from the proton to the aromatic system o f  the pyridine ring.
The two broad acetate peaks in the spectrum at 298 K become sharper at lower temperatures.
13 1The assignment o f  the peak at 1.33 ppm to the chelating carboxylate is based on the C{ H} 
NM R spectrum in combination with a COLOC spectrum and will be explained vide infra. The 
peak at 0.80 ppm is then assigned to the bridging carboxylate ligand. A  closer inspection o f  
the structure o f  the tetranuclear cluster shows that also the chelating carboxylate ligand is 
positioned above (or below) the phenolate moiety o f  the diiminepyridine ligand. The chemical 
shift o f  the chelating carboxylate ligand could, therefore, also be partly due to shielding 
effects, which then causes its methyl group to resonate more upfield than a chelating 
carboxylate ligand without shielding effects.
13 1In Figure 5 the C{ H} NM R spectrum o f  2a measured at 257 K is shown. The assignment 
o f  the carbon atoms 1, 2, 5 and 7-10 was achieved via 2D CH-CORR spectrum. The two 
signals at 179.8 and 176.5 ppm are assigned to the carbonyl signals o f  the acetate groups.
13 1Solution and solid state C{ H} NM R studies on Zn and Zr carboxylate clusters have shown 
that the C=O resonance o f  chelating carboxylate ligands lie more downfield than C=O 
resonances o f  other types o f  carboxylate coordination m odes.[15, 16] The exact chemical shift o f  
the C=O resonance o f  the different coordination modes o f  the carboxylate ligand is variable 
and depends on the coordination mode o f  the metal atom as well as the type o f  metal.[16, 17] 
W e have, therefore, tentatively assigned the peak at 179.8 ppm to the C=O o f  the chelating 
and the peak at 176.5 ppm to the C=O o f  the bridging carboxylate. The COLOC spectrum
13 1showed a long range correlation between the C{ H} carbon resonance at 179.8 ppm and the 
1H proton resonance at 1.33 ppm, which led to the assignment o f  the proton resonance at 1.33 
ppm to the chelating carboxylate ligand. In combination with a CH-CORR spectrum the peak
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at 20.3 ppm in the carbon spectrum is assigned to the CH3 resonance o f  the acetate ligand. 
The assignment o f  the carbon atoms 3, 4, 6 and 11 are based on the spectra o f  other 
diiminepyridine ligands, but remains tentative.[18]
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Figure 5 C NMR spectrum o f Zn4(L1)2(O2CCH3)4 (2a) in DMF-d7 measured at 250 K. The * indicates that the 
corresponding carbon atom is shielded by the aromatic system o f the other ligand in the cluster. f  = DMF-d7 
solvent peaks. The assignment o f carbon atoms 3, 4, 6 and 11 is tentative.
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Figure 6 1H NMR spectrum o f Cd4(L1)2(O2CCH3) 4 (1a) in DMF-d7 measured at three different temperatures. 
The * indicates that the corresponding proton atom is shielded by the aromatic system o f the other ligand in the 
cluster. f  = DMF-d7and DMF crystal lattice solvent peaks. § = H2O present in the DMF-d7 and crystal lattice 
solvent.
1
9
8
111
CHAPTER 3
3.3.2 1H N M R  S p ec tru m  o f  [Cd4(L1)2(O2C C H 3)4 j (1a)
The 1H N M R spectra o f  1a at 257, 298 and 357 K are shown in Figure 6  (additional spectra 
measured at other temperatures can be found in F igure S2). The 1H NM R spectrum at 298 K 
o f  1a shows completely resolved and relative sharp diiminepyridine signals, whereas these 
signals were already broadened for 2a at this temperature. The spectrum o f  1a at 357 K has a 
strong resemblance with the spectrum o f  2a at 298 K, which means that the rate o f  this 
dynamical process is slower for the cadmium cluster than for the zinc cluster.
The number o f  signals in the spectrum o f  1a at 298 K belong to an asymmetric ligand, which  
indicates that this compound is a tetranuclear cluster in solution (S1 or S3 conformation as is 
shown schematically in Figure  7).
The two acetate signals o f  1a, at respectively 0.99 and 1.43 ppm, are still very broad at 298 K, 
similar as in the room temperature spectrum o f  2a. The coalescence temperature o f  the acetate 
signals o f  1a lies around 328 K (Figure S2), which is at a higher temperature than the 
coalescence temperature o f  the acetate signals in 2a (Figure S1). This also indicates that the 
dynamics o f  the carboxylate groups is slower in the cadmium cluster 1a than in the zinc 
cluster 2a. The sharpness o f  the diiminepyridine signals and the broadness o f  the acetate 
peaks indicate that these two dynamical processes are probably not correlated to one another. 
At a temperature o f  357 K the acetate peaks have coalesced into a single peak, but this peak 
remains very broad.
The diiminepyridine signals are broadening upon increase o f  the temperature, except for the 
triplet o f  proton 1, which remains relatively sharp and resolved at 357 K. Lowering the 
temperature from 298 to 257 K does not alter much for the diiminepyridine signals compared 
to the room temperature spectrum; they have some minor alterations in chemical shift and 
become sharper and more resolved. Again it can be seen that the protons, which experience 
more shielding from the pyridine ring, are separated further apart. The AS between protons 4 
and 4* is 0.14 ppm (Table  1), which is similar as the value found for these protons in cluster 
2a. The value o f  the AS for proton 7 and 7* in cluster 1a is 0.63, which is slightly smaller than 
the value found for cluster 2a. The order o f  increasing AS is the same as seen within cluster 
2a.
Lowering the temperature to 257 K sharpens the two acetate peaks. The assignment o f  the 
chelating carboxylate at 1.43 ppm and the bridging carboxylate at 0.98 ppm was performed
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based on analogy with zinc cluster 2a. The same applies for the assignment o f  the signals o f  
the diiminepyridine ligand.
Table 1 Overview o f the chemical shifts and chemical shift differences o f 1a and 2a.
Compound 1a (Cadmium cluster) 
Proton no. 5 (357K)a 5 (257K)a A5a’ b 5 (357K)a
2a (Zinc cluster) 
5 (257K)a A5a, b
1 8.27 8.35 - 8.20 8.25 -
2, 2* 8.17 8.35, 8.20 0.15 8.08 8.20, 8.12 0.08
3, 3* 2.89 3.05, 2.77 0.28 2.82 2.96, 2.74 0.22
4, 4* n.d. 7.18, 7.04 0.14 7.06 7.11, 6.96 0.15
5, 5* n.d. 6.82, 6.39 0.43 6.56 6.76, 6.41 0.35
6, 6* n.d. 7.18, 6.67 0.51 6.88 7.06, 6.62 0.44
7, 7* n.d. 7.18, 6.55 0.63 7.26 7.60, 6.89 0.71
8, 9 1.31 1.44, 1.00 0.44 1.25 1.33, 0.80 0.53
n.d. = These peaks are very broad and it is not possible to determine the exact chemical shift. 
a: the chemical shift is given in ppm. b: the chemical shift difference is the difference within the 
asymmetric ligand or the difference between the carboxylate ligands at low temperature.
3.4 Mechanisms of Dynamics
Ideally, one would like to perform a full line shape analysis on the variable temperature NM R  
spectra to gain more insight into the mechanism o f  exchange, but the amount o f  overlapping 
peaks in our spectra makes it very difficult to obtain precise results. W e have, therefore, 
decided to deduce the parameters o f  activation for 1a and 2a using approximations, which are 
given in Section 3.12.3. It has to be remarked that these approximations are only valuable i f  a 
two site exchange model can be applied. In our tetranuclear clusters the carboxylate ligands 
exchange both intramolecular as w ell as intermolecular. The two site exchange model is 
therefore not completely applicable. Nevertheless, these activation parameters will give an 
indication about the possible mechanisms o f  the dynamical processes.
113
CHAPTER 3
Figure 7 The possible mechanisms o f the dynamics, observed for the diiminepyridine ligand, are a) the cluster 
remains intact and the two halves rotate around each other and b) the cluster falls apart into two dinuclear 
moieties.
3.4.1 Possible M odels f o r  the  D iim inepyrid ine  D ynam ics
In Figure 7 two possible models for the dynamical process o f  the diiminepyridine ligand are 
schematically presented. The first model comprises a non-dissociative mechanism, which  
starts with one o f  the chiral conformations o f  the tetranuclear cluster (denoted in Figure 7a 
with S1). The tetranuclear cluster is represented by the two diiminepyridine ligands, o f  which 
one ligand is rotated 90° with respect to the other ligand. Assuming, for convenience, that the 
“blue” ligand has a static position, the “red” ligand is rotating around the axial bonds in the 
plane above. Rotation o f  the “red” ligand over 90° leads either to conformation S2 or S4 
depending on the direction o f  rotation. In the S4 state the two diiminepyridine ligands are 
positioned above each other, which could lead to steric hindrance o f  the substituents on the
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imine. It is more likely that the “red” diiminepyridine ligand will rotate in the other direction 
to form S2 (Figure 14a  shows a crystal structure o f  a cluster in the S2 state). A  second 
rotation over 90° leads to state S3, which is in principle identical to S1. The difference 
between S1 and S3 is the handedness o f  the compound, illustrated in Figure 8  with crystal 
structures o f  the two chiral forms. In general, according to this model the dynamical process 
described by the cluster would be a non-dissociative conversion o f  one stereoisomer to the 
other stereoisomer. The second possible model for the dynamical process o f  the 
diiminepyridine ligand is the dissociation o f  the cluster into two [M2(L)(O2CR)2] moieties 
(Figure  7b), which then form an equilibrium (Figure 14b shows a crystal structure o f  the 
[M2(L)(O2CR)2] moiety with coordinated solvent m olecules). This would mean that the axial 
M-O bonds in solution are very weak, but, as shown in C hapter 2, the bond lengths in the 
solid state are not longer than typical M-O bonds, which would make the dissociation 
mechanism less probable.
a) b)
S1 S3
Figure 8 The two conformations o f the tetranuclear carboxylate cluster. a) The S1 conformation as determined 
in the crystal structure 3a(DMF/Et2O). b) The S3 conformation as determined in the crystal structure o f 
3a(MeOH/Et2O).
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A  possible third model would be the dissociation o f  the tetranuclear cluster into a 
mononuclear species, as has been discussed in Section 2.5.2 (Schem e  1), which would then be 
in equilibrium with the tetranuclear cluster. The mononuclear species would lead to a 
symmetric diiminepyridine ligand in the solution 1H N M R spectrum. It was, however, already 
mentioned in Chapter 2 (and indicated in Schem e  1) that a certain amount o f  free acid is 
needed for the charge balance in the end-products. This would make this possible process 
very unlikely to occur.
M4(L)2(O2CR)4 +  4 H O 2CR ----------- ► [M(H2L)2][(O2CR)]2 +  3 M(O2CR)2
Scheme 1 Possible dissociation o f the tetranuclear cluster into a mononuclear species.
3.4 .2  Validating a M o d e l w ith  the  N M R  Spectra
The 1H NM R  spectra o f  compounds 1a and 2a at low  temperatures show only peaks 
corresponding with an asymmetric diiminepyridine ligand, which indicates the presence o f  
only an intact tetranuclear cluster in solution. O f the three possible models, described above, 
only the first model is thus a real possibility for the description o f  the dynamical process. It is 
very difficult to estimate the activation parameters for this process, because many peaks are 
overlapping and the coalescence point cannot be determined. The methyl groups on the imine 
give peaks which partially overlap with the DMF solvent peaks, but still these peaks can be 
used for an estimation o f  the activation parameters. In compound 1a the coalescence  
temperature o f  the methyl peaks is estimated at 357 K, which corresponds with AG# = 70.9  
kJ/mol (Table  2). Using estimated rate constants at other temperatures a Erying plot is 
constructed (Figure 9b), which give values o f  AH# = 58.1 ± 6.4 kJ/mol and AS# = -35.4 ± 18.4 
J/mol K. The strong negative value o f  AS# suggests an intramolecular process, which is in 
agreement with the suggested model. The activation parameters for the methyl protons o f  2a  
are a bit more difficult to determine due to the severe overlap with the DMF solvent peaks. 
The VT NM R  spectra in Figure S1 show that the coalescence temperature lies probably 
between 292 and 298 K and is, therefore, estimated at 295 K. The activation Gibbs energy is 
estimated at 58.9 kJ/mol, which is smaller than the value found for compound 1a. The values
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o f  AH# and AS# have been estimated to be respectively 65.7 ± 7.0 kJ/mol and 23 ± 24 J/mol K 
with the aid o f  an Eyring plot (Figure 10b). The activation entropy is difficult to interpret, 
because o f  the large error. It was possible to determine the Gibbs activation energy for two 
other protons o f  the diiminepyridine ligands, as given in Table 1 . The values o f  AG# for 
protons 5 en 2 are respectively 59.3 and 60.6 kJ/mol, which corresponds well with the value 
found for proton 3 o f  this compound.
1/T (K-1) 1/T (K-1)
Figure 9 Eyring plots o f dynamics for 1a calculated from VT NMR spectra. a) plot o f the protons 8 and 9, which 
are the acetate ligands. b) plot o f the protons 3, which are the methyl groups on the imine.
1/T (K-1) 1/T (K-1)
Figure 10 Eyring plots o f dynamics for 2a calculated from VT NMR spectra. a) plot o f the protons 8 and 9, 
which are the acetate ligands. b) plot o f the protons 3, which are the methyl groups on the imine.
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Table 2 Activation parameters for 1a and 2a based on the VT NMRa spectra.
Compound (no proton) 1a (8, 9) 1a (3) 2a (3) 2a (8, 9) 2a (5) 2a (2)
AG#a’ b 57.6 70.9 58.9 60.7 59.3 60.6
AH#a 42.9 ± 4.6 58.1 ± 6.4 65.7 ± 7 71.5 ± 5 c c
AS#a -62.9 ± 14.6 -35.4 ± 18.4 23.5 ± 24 34.5 ± 16.3 c c
a AH# and AG# values are given in kJ/mol. AS# values are given in J/mol K. b Estimated error 10%. c Not
enough datapoints for an Eyring plot.
3.4.3 C arboxylate S h i ft
In Figure 11 a schematic representation is given o f  the general exchange between the bridging 
and chelating acetate ligands. The VT 1H NM R  spectra o f  2a, given in Figure S1, shows that 
the two acetate peaks (0.80 and 1.33 ppm) at 257 K broaden and eventually merge when the 
temperature is increased. The coalescence temperature o f  these two peaks appears to be 
around 316 K. Using E quation 3 (Section 3.12.3) the Gibbs energy o f  activation (AG#) for this 
dynamical process is estimated to be 60.7 kJ/mol (Table  2). Using E quation 4 (Section 3.12.3) 
it is possible to estimate the rate constant at a couple o f  temperatures below  the coalescence 
temperature. These rate constants are used in the construction o f  an Eyring plot (Figure 10a), 
which allow for the estimation o f  the enthalpy and entropy o f  activation (respectively AH# 
and AS#). The value o f  AH# is estimated to be 71.5 ± 5.0 kJ/mol and the value o f  AS# to be
34.5 ± 16.3 J/mol K (Table  2). The analysis o f  the VT 1H NM R  spectra o f  1a show a slightly 
higher coalescence temperature for the acetate peaks; around 328 K. This corresponds with an 
estimated activation Gibbs energy o f  57.6 kJ/mol. The Eyring plot (F igure 9a), based on the 
rate constant at different temperatures, leads to an estimation o f  AH# o f  42.9 ± 4.6 kJ/mol and 
AS# o f  -62.9 ± 14.6 J/mol K. Comparison with reported parameters o f  activation for the 
conversion o f  a ^1,2 to a ^1,1 coordination mode o f  carboxylate ligands in the compounds 
[Zn4(bdmap)2(O2CR)6] (Hbdmap = 1,3,-bis(dimethylamino)-2-propanol, R  = M e or Et)
ji  n  r i  q i  ±l
showed comparable values o f  AG and AH .[ ] The obtained value o f  AS for these 
compounds is strongly negative and suggests an intramolecular exchange process. Similar 
values are found for the interconversion o f  syn-syn-^1,3 to syn-anti-^1,1 carboxylate ligands in 
carbamatomagnesium brom ides.[20] The activation entropy o f  the carboxylate exchange in the
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Figure 11 Schematic representation for the exchange o f the carboxylate ligands. The chelating carboxylate 
changes to the bridging carboxylate and vice versa.
tetranuclear cadmium cluster 1a is strongly negative, which suggests an intramolecular 
exchange process. The obtained value o f  AS# is positive and suggests an intermolecular 
process. It has to be remarked that in the case o f  2a, there is a small amount o f  presumably 
free acetic acid present, which is participating in the exchange process (Section 3.3.1), which 
limits the accuracy o f  the values.
3.5 Acetate versus Benzoate Carboxylate Ligands
3.5.1 1H  N M R  S p ec tru m  o f  ^ ( L l h O C C H s U ]  (1d)
Upon going from an acetate to a benzoate ligand, the rate o f  the chemical exchange alters. 
The 1H NM R  spectrum o f  [Cd4(L1)2(O2CC6H 5)4] (1d) at 293 K shows broad benzoate ligand 
resonances (Figure 12), similar as the acetate signals o f  1a around this temperature. The 
resonances o f  the protons o f  the diiminepyridine ligand are broad, but slightly resolved at 293 
K. The coalescence temperature o f  these signals lies at a much lower temperature than the 
coalescence temperature o f  the diiminepyridine ligand within cluster 1a. This means that the 
rate o f  the chemical exchange o f  1d has becom e faster compared to 1a. Increasing the 
temperature to 348 K causes the diiminepyridine protons to coalesce, but the peaks are still 
broadened (additional spectra o f  other temperatures are shown in Figure S3). A lso the 
benzoate protons coalesce to single peaks belonging to each o f  the coordination modes, but
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Figure 12 1H NMR spectrum o f Cd4(L1)2(O2CCeH5) 4 (1d) in DMF-d7 measured at three different temperatures. 
The * indicates that the corresponding proton atom experiences a shielding effect by the aromatic system o f the 
other ligand in the cluster. f  = DMF-d7 solvent peaks. § = H2O present in the DMF-d7.
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8
5*
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these peaks remain broad at this high temperature. Decreasing the temperature from 293K  to 
253 K shows a spectrum with an asymmetric diiminepyridine ligand, which means that the 
compound is in the S1 or S3 state (F igure 7) in solution. The assignment o f  the sharp and
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resolved peaks was achieved with the aid o f  a 2D COSY. Remarkably, not all phenolate 
protons are affected in the same way by the shielding o f  the aromatic pyridine ring, as can be 
seen by comparison o f  protons 4 and 4* with 7 and 7*. The chemical shift o f  7* is more 
upfield than the chemical shift o f  7, whereas the COSY indicates that this is reversed for 
proton 4 (4 lies more upfield than 4*). This can be explained by the chelating carboxylate 
ligand, which is in this compound aromatic and can cause also a shielding effect. The proton 
7* is shielded by the aromatic pyridine ligand, whereas proton 7 is shielded by the chelating 
benzoate ligand. A lso for proton 4* the shielding is caused by the aromatic pyridine ring, 
while the shielding o f  proton 4 is caused by the chelating benzoate ligand. The effect o f  the 
chelating benzoate ligand is for proton 4 apparently large enough to shift this peak upfield 
compared to 4*. For proton 7 and 7* this reversal in chemical shift is not observed, because 
the effect o f  the shielding from the pyridine ligand is much larger. The AS between the 
protons 4 and 4* (AS = 0.01) is very small, and much smaller than the AS between protons 7 
and 7* (AS = 0.56) (Table  3). The order o f  increasing AS is the same as seen with the clusters 
1a and 2a. The overlapping peaks in this spectrum make it impossible to determine the 
coalescence temperature o f  the different protons, and, hence, it is not possible to estimate the 
parameters o f  activation. The low  temperature N M R spectrum resembles the low  temperature 
spectra o f  the compounds 1a and 2a and suggest a non-dissociative mechanism o f  rotation o f  
the diiminepyridine ligands (Figure 7a).
3.5 .2  1H N M R  S p ec tru m  o f  [Z n 4(L1)2(O2CC6H 5) 4J  (2d)
The 1H NM R  spectrum o f  [Zn4(L1)2(O2CC6H5)4] (2d) at 298 K shows very broad peaks, 
which are impossible to assign (Figure 13a). This spectrum is comparable with the spectra o f  
2a and 1d at this temperature. Changing the carboxylate ligand (from acetate to benzoate) for 
the cadmium clusters induces a change in chemical exchange rate (with benzoate the rate 
becom es slower), whereas this change in carboxylate ligand for the zinc clusters has not such 
a dramatic effect on the chemical exchange rate. Increasing the temperature to 331 K leads to 
a sharpening o f  the signals (NM R spectra o f  other temperatures can be found in F igure S4) 
and indicates a symmetric diiminepyridine ligand. The peaks are not completely resolved, and 
remain relatively broad at this temperature. Lowering the temperature give at first sight a very 
complicated spectrum with too many peaks, even for an asymmetric ligand. However, a closer
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ppm
Figure 13 a) H  NMR spectrum o f Zn4(L1)2(O2CC6Hs)4 (2d) in DMF-d7 measured at three different 
temperatures. b) 1H NMR spectrum at 253 K and the assignment o f the peaks in the phenyl region o f 2d. The * 
indicates that the corresponding proton atom is shielded by the aromatic system o f the other ligand in the 
cluster. f  = DMF-d7solvent peaks. § = 13C satellite peaks.
3
t
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inspection o f  the spectrum shows that it is not that complicated. This is best seen at the peaks 
o f  the pyridine part o f  the diiminepyridine ligand as visualized in the enlarged part o f  the 
aromatic system in Figure 13b. In the area around 8.5 ppm there are two triplets and three 
doublets present. The integral o f  the peaks is consistent with a ratio o f  symmetrical to 
asymmetrical ligand o f  1 to 1. This is consistent with the amount o f  other peaks present in the 
low  temperature spectrum. This means that, besides a tetranuclear cluster, another species is 
present in the solution, which exchanges with the tetranuclear cluster. The possible nature o f  
this symmetrical species is discussed vide infra. In the asymmetric ligand the protons o f  the 
phenolate moiety are again either shielded by the pyridine ring o f  the ligand or by the 
chelating benzoate ligand. This is reflected in the chemical shifts o f  the different
Table 3 Overview o f the chemical shifts and chemical shift differences o f the asymmetric diiminepyridine ligand 
o f 1d and 2d.
Proton no. 5 (1d, 348K) 5 (1d, 248K) A5 (1d) 5 (2d, 331K)b 5 (2d, 243K) A5 (2d)
1 8.28 8.42 - 8.36 8.35 -
2 , 2 * 8.21 8.39, 8.27 0.12 8.22 8.30, 8.26 0.04
3, 3* 2.91 3.19, 2.75 0.44 2.89 n.d.c -
4, 4* 6.99 7.96, 7.95 -0 .01a 7.08 6.90, 6.90 (-)0 .0d
5, 5* 6.28 6.25, 6.20 -0.05a 6.38 6.23, 6.17 -0.06d
6 , 6 * 6.72 6.74, 6.61 0.13 6.88 6.72, 6.61 0.11
7, 7* 7.27 7.34, 6.78 0.56 7.47 7.81, 7.24 0.57
8, 11 7.16 7.50, 7.15 0.35 7.21 7.48, 6.90 0.42
9, 12 7.16 7.42, 6.98 0.44 7.21 7.40, 6.90 0.50
10,13 7.64 7.91, 7.26 0.65 7.71 7.90, 7.08 0.82
a = the peaks have reversed in order; that is, the * peak is more downfield. b = measured at 200 MHz NMR. c = 
the assignment of these protons was not conclusive. d = the order of the peaks is reversed in comparison with the 
other peaks.
protons. Assum ing that 7* (shielded by the pyridine ring) lies more upfield than 7, it is seen 
that this is reversed for proton 5. This is also reversed for proton 4, as indicated by the 2D
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COSY spectrum, but this cannot be seen in Figure 13b due to the overlap with other peaks. 
There is almost no difference between the chemical shifts o f  proton 4 and 4* (A5 = 0.0), 
similar as in compound 1d (Table 3). A lso the chemical shift difference between 7 and 7* (A5 
= 0.57) is comparable to the chemical shift difference observed for these protons in 1d. The 
chemical shift differences within the compounds 1 d and 2 d are similar to each other, whereas 
in the compounds 1a and 2a there was a clear difference in these values. This is also reflected 
in the spectra themselves. The VT NM R  spectra o f  1a and 2a are different, in that sense that 
the spectrum o f  2 a has very broad peaks at room temperature, whereas these peaks are 
resolved in the spectrum o f  1a. The spectra o f  1d and 2d are much more comparable, with 
very broad peaks at room temperature and broad peaks at high temperatures.
The 1H NM R  spectra at low  temperatures o f  tetranuclear cluster 2d shows a combination o f  
peaks attributed to an asymmetric and a symmetric diiminepyridine ligand. The observation o f  
these two types o f  diiminepyridine ligands could be explained with in principle all three 
models. In model one the conversion o f  the S1 conformation to the S3 conformation has to 
proceed via either S2 or S4 as an intermediate. O f these two intermediate states, the S2 state is 
perhaps the most likely intermediate, because o f  the less sterically hindered coordination o f  
the ligands. An example o f  the possible conformation o f  the S2 state has been mentioned in 
Chapter 2. The compound Zn4(L2)2(O2CCH3) 4 • 2CHCl3 • 2H2O (10) has a tetranuclear 
center, but is does not have the cubane geometry (Figure 14a). The diiminepyridine ligands 
are in the conformation as suggested for the S2 state, and it is thus possible that this is an 
intermediate in the dynamical process o f  the diiminepyridine ligand. The ratio between the 
asymmetric and the symmetric ligand in the 1H NM R spectrum is 2:1. This could mean that 
the states S1, S2 and S3 are present in equal amounts in solution (S1 and S3 give the same 
spectrum). It has to be said, however, that these compounds are also an intermediate for the 
dynamics in compounds 1a, 2a and 1d, but there are no peaks in the 1H NM R  spectrum, 
which corresponds to this intermediate.
The dissociation o f  this tetranuclear cluster, as suggested in model two (Figure  7b), cannot be 
completely excluded at this point. The dissociation gives a “semi”-cluster, in which the 1H  
NM R spectrum would lead to a symmetric diiminepyridine ligand. In this “semi”-cluster there 
are still two different types o f  carboxylate ligands present, which would give two sets o f  
benzoate peaks in the N M R (as is observed). Such a “semi”-cluster has been described in
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a) h)
Figure 14 Crystal structures o f possible compounds present in the solution o f 2a at low temperatures. a) 
tetranuclear cluster with a symmetric diiminepyridine ligand (compound 10 in Chapter 2). b) dissociation o f the 
tetranuclear compound could lead to a dinuclear species resembling this structures (compound 8 in Chapter 2). 
Hydrogen atoms and solvent molecules have been omitted for clarity.
Chapter 2 and the structure o f  this compound is shown in Figure 14b. The compound 
Zn2(L2)(O2CCH3)2(DMF) • 2DM F (8 ) consists indeed o f  a “semi”-cluster with an extra 
coordinated DMF m olecule to one o f  the zinc atoms. Inspection o f  the 1H NM R  spectrum o f  
2 d does not give an indication o f  a coordinated solvent molecule, but it is unknown whether 
this “semi”-cluster needs a coordinated solvent in solution. The observed ratio between 
asymmetric and symmetric ligand in the 1H NM R  spectrum o f  2:1 would mean that only part 
o f  the compound is dissociated in solution and that the majority is still a tetranuclear cluster. 
The third suggested model (Schem e  1) is the dissociation o f  the cluster in to a mononuclear 
species with the carboxylate ligands acting as non-coordinated counterions. This option seems 
unlikely for this molecule, because the 1H NM R spectrum o f  2d does not show any signals 
corresponding to uncoordinated benzoate ligands.
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3.6 Intermolecular Carboxylate Exchange
The low  temperature 1H N M R spectrum o f  [Zn4(L1)2(O2CCH3)(O 2CC6H 5)3] (2b) is very 
complex, as can be seen in Figure 15a. It was not possible to assign all peaks, but the peaks in 
two regions (red and blue circle) can provide information about the different species. The 
chelating acetate peaks are found around 0.79 ppm and these peaks have chemical shifts close 
to each other, leading to a significant amount o f  overlap (red circle). The bridging acetate 
have chemical shifts around 1.35 ppm and these are more spread in chemical shift (red circle). 
There are four bridging acetate signals visible, differing in intensity. These four peaks 
indicated that there is a statistical mixture present in solution containing all possible 
combinations: [Zn4(L 1)2(O2CCH3)(O 2CC6H 5)3], [Zn4(L 1)2(O2CCH3)2(O2CC6H 5)2], 
[Zn4(L1)2(O2CCH3)3(O2CC6H5)] and [Zn4(L1)2(O2CCH3)4]. O ff course, the compound 
[Zn4(L 1)2(O2CC6H 5)4] is probably also present in solution, but it does not have any acetate 
ligand and can thus not be identified from this 1H NM R  spectrum. The ratio between acetate 
and benzoate, determined from the crystal structure, is not an exact number, and could well be 
a superposition o f  the statistical mixture in the solid state. The number o f  methyl resonances 
in the area around 3.0 ppm indicates that the majority (maybe all) compounds in solution are 
tetranuclear clusters. But again there is significant overlap between the peaks, which makes it 
difficult to exactly assign the different peaks.
To find out whether there is intermolecular carboxylate exchange possible, w e measured the 
1H NM R spectrum o f  a 1:1 mixture o f  the [Zn4(L1)2(O2CCH3)4] and [Zn4(L1)2(O2CC6H 5)4] 
cluster (Figure 15b). If there is no intermolecular exchange between the carboxylate ligand, a 
1H N M R spectrum o f  the two individual compounds is expected. It can, however, be seen 
from the N M R spectrum (mainly from the peaks within the red circle) that the spectrum 
contains again a statistical mixture o f  the different compounds. The distribution between the 
different compounds is different as for the mixture from compound 2b. The amount o f  methyl 
peaks around 3.0 ppm indicates that the majority o f  the compounds are tetranuclear cluster in 
solution. A  similar 1H NM R spectrum was measured from a 1:1 mixture o f  the clusters 
[Cd4(L 1)2(O2CCH3)4] and [Cd4(L 1)2(O2CC6H 5)4] (Figure  15c).
The methyl resonances around 3.0 ppm (blue circle) also indicate that the majority o f  the 
species in solution contain an asymmetric diiminepyridine ligand and that the compounds are
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Figure 15 1H NMR spectra in DMF-d7 o f a) [Zn4(L1)2(O2CCH3)(O2CC6H5)3]  (2b) at 243 K, b) 1:1 mixture (in 
mg) o f [Zn4(L1)2(O2CCH3) 4]  (2a) and [Zn4(L1)2(O2CC6H 5) 4]  (2d), 1:1 mixture (in mg) o f [Cd4(L1)2(O2CCH3)4]  
(1a) and [Cd4(L1)2(O2CCgH5) 4]  (1d). The acetate resonance peaks are highlighted by the red circle and the 
methyl substituent on the mine with blue circles. f  = DMF-d7solvent peaks. # = residual acetone solvent peak. 
f  = residual diethylether solvent peak.
tetranuclear clusters in solution. There are four resonances around 1.45 ppm, which are 
attributed to the chelating acetate ligands. Furthermore, these peaks have the same intensity 
distribution as was seen in the mixture o f  the zinc clusters (F igure 15b). There is clearly a 
preference, as seen by the distribution, for the acetate over benzoate ligands. These 
experiments do, however, show that the carboxylate ligands are not fixed to a particular 
cluster, but that they interchange between different clusters. The activation parameters for this 
carboxylate exchange, as estimated from the 1H NM R  spectra, showed that this process is 
intramolecular for compound 1a (AS# = -62.9 ± 14.6 J/mol K). This is different with exchange 
experiments for 2a, which show a positive value o f  AS# (= 34.5 ± 16.3 J/mol K).
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3.7 Acetate versus Formate
The room temperature spectrum o f  [Zn4(L 1)2(O2CH)4] (2e) shows (F igure 16), like most 
other spectra, very broad overlapping signals. Increasing the temperature to 348 K sharpens 
the peaks considerably, but they do not becom e fully resolved (spectra o f  additional 
temperatures are given in Figure S5). The proton o f  the carboxylate ligands is very broad and 
lies below  the aldehyde proton o f  the DMF-d7. The assignment o f  the different peaks is based 
on analogy with the spectrum o f  2a. Decreasing the temperature to 238 K gives a 
complicated spectrum. The major compound contains an asymmetric diiminepyridine ligand, 
and is thus a tetranuclear cluster.
The 1H N M R spectrum o f  2e is too complicated to use in the analysis o f  possible dynamical 
processes. The main product shows an asymmetric diiminepyridine ligand and it is expected 
that this is a tetranuclear cluster. The smaller peaks are difficult to assign, but the exchange 
with the main product shows that all these compounds are in equilibrium with each other.
The chemical shift differences between the aromatic proton 4-7 is again in the order as seen 
for the compounds 1a and 2a. This can be explained by the lack o f  aromaticity on the 
carboxylate ligands. The shielding experienced by the protons 4-7 is thus only caused by the 
pyridine ring o f  the diiminepyridine ligand in the plane above (or below).
3.8 Steric Hindrance Preventing Rotation?
The 1H NM R  spectrum o f  [Zn4(L3 )2(O2CCH3> ] (9) at 258 K, 298 K and 333 K is given in 
Figure 17. The assignment o f  the peaks at 298 K was achieved using a 2D COSY spectrum. 
The small peaks at 0.87 and 1.28 ppm are assumed to be small impurities o f  unknown origin. 
The diiminepyridine peaks are indicative o f  a symmetric ligand. There is only one peak 
present for the acetate ligand (1.83 ppm) and its chemical shift is downfield compared to the 
singlet observed for the other acetate clusters, which might indicate that it is not coordinated 
to the metal or that there is no difference between a chelating or bridging coordination mode 
due to rapid exchange. Changing the temperature does not have a major influence on the 
spectrum. The peaks becom e slightly sharper, but there is no obvious exchange process taking
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Figure 18 Enlarged part o f the 1H NMR spectrum o f Zn4(L3)2(O2CCH3) 4 (9). The peaks indicated with the •  are 
part o f presumably an asymmetrical diiminepyridine ligand, which could be a tetranuclear cluster.
place. A  closer look at the spectrum measured at 258 K shows that small peaks appeared 
(Figure 18). Two sharp singlets are present at 0.89 and 1.47 ppm, which can be assigned 
again to the chelating and bridging carboxylate ligand. The number o f  peaks suggest that the 
diiminepyridine ligand is asymmetric, which indicates the presence o f  a tetranuclear cluster. 
The main product in solution, according to the 1H NM R spectrum, contains a symmetric 
diiminepyridine ligand, which rules out the existence o f  a tetranuclear cluster as this main 
species. The smaller peaks correspond to an asymmetric diiminepyridine ligand, which  
indicates that the species also is a tetranuclear species in solution. Increasing the temperature 
shows a small broadening o f  the peaks, and since the smaller peaks disappear it is expected 
that the major and minor species are connected via some sort o f  equilibrium. It might be 
possible that the majority o f  the m olecules in solution are in the S2 or S4 state, and that the 
small peaks are in the S3 or S1 state o f  the model suggested in Figure 7. The crystallization o f  
the compound in the S3 or S1 state would then be dependent on the crystallization conditions. 
If model one is appropriate for this compound, it is, however, expected that there are still two  
peaks present for the different coordination modes o f  the carboxylate groups. The 1H NM R  
spectrum o f  9 only shows one peak for the carboxylate ligands, which is also more downfield  
as expected for coordinated carboxylate ligands. And furthermore, although it could be that 
the dynamical process o f  the carboxylate ligand is correlated to the process o f  the
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diiminepyridine ligand, there is no obvious reason why these carboxylate ligands would be 
static in this model i f  the dynamical behavior o f  the diiminepyridine ligands is hampered. It 
is, therefore, assumed that this model is not correct for this molecule. These last reasons can 
also be used to discard the second model as an option for the dynamics o f  this compound. In 
the “semi”-cluster there are still two different coordination modes o f  the carboxylate ligands, 
and these would in theory lead to two different chemical shifts. Another options for this 
“semi”-cluster is that the chelating carboxylate ligand becom es a bridging carboxylate ligand 
at the bottom o f  the cluster (basically replacing the coordinated DMF m olecule in compound 
8 ). In that case, yes, it is expected that there is only one peak for the carboxylate ligand, 
because they are chemically the same. The chemical shift can then be explained by the 
different environment o f  the carboxylate ligands, which induces a shift to higher ppm.
The third suggested model would also be a plausible explanation, because the mononuclear 
species would lead to a symmetrical diiminepyridine ligand and single peaks for the 
carboxylate ligand. The chemical shift o f  the carboxylate peak is also comparable with the 
chemical shift o f  non-coordinated carboxylate ligands. It would also explain why there is no 
exchange process occurring for this ligand.
3.9 Intermolecular Diiminepyridine Ligand Exchange
In order to determine i f  the exchange o f  the diiminepyridine ligands occurs via a dissociative 
mechanism, a mixture o f  two clusters with different diiminepyridine ligands were measured 
with 1H NMR. If the tetranuclear clusters are in equilibrium with their “semi”-cluster 
counterpart, it is expected that a statistical mixture between the clusters will form and that 
these can be distinguished via different chemical shifts o f  the diiminepyridine ligand. To 
explore this, w e analyzed the 1H NM R spectrum o f  a 1:1 mixture o f  clusters 2a and 9. Both 
the high and low  temperature NM R spectra did not show any new peaks corresponding with 
an exchange o f  diiminepyridine ligands between the two clusters. At low  temperature there 
are a number o f  small peaks visible, seen also in the low  temperature NM R spectrum o f  
compound 9.
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3.10 Conclusions
In the beginning o f  this chapter it was shown that the tetranuclear carboxylate clusters are 
reversible thermochromic both in solution as well as in solid state. This temperature effect 
was further studied by variable temperature NM R  o f  the clusters in DMF. From these studies 
w e can conclude several things. The clusters show two different (and probably not related) 
dynamical processes. The dynamics o f  the diiminepyridine ligand is complicated and seems to 
be dependent on both the type o f  diiminepyridine ligand and the carboxylate ligand. 
Estimated activation parameters for compound 1a and 2a (cadmium and zinc acetate clusters) 
suggest that the diiminepyridine dynamics are non-dissociative, but more research is 
necessary to draw indisputable conclusions. The rate o f  exchange is for 1a slower than for 2a, 
which indicated that the axial bonds for 1a are stronger than for 2a. Changing from an acetate 
to a benzoate carboxylate ligand, the rate o f  rotation for 1d becom es faster than for 1a. For 2d 
the rotation becom es slower, which leads to the observation o f  a symmetric diiminepyridine 
ligand at low  temperatures. This symmetric compound could either be the “freezing out” o f  
intermediate states in the rotational process or the dissociation o f  the cluster into a “semi”- 
cluster. A  similar observation is made for the formate cluster 2e, but the spectrum is not 
completely resolved at low  temperature, which complicates the assignment o f  the peaks. The 
predominant peaks in the spectrum belong to an asymmetric diiminepyridine ligand, which is 
indicative for a tetranuclear cluster in solution. The spectrum o f  [Zn4(L3 )2(O2CCH3)4] (9) 
shows no obvious exchange process. The presence o f  a symmetric diiminepyridine ligand at 
all temperatures indicates that the main species in solution is not a tetranuclear cluster. The 
smaller peaks, observed at low  temperatures, show that there might be some small amount o f  
tetranuclear cluster present in solution.
The exchange (interconversion) between chelating and bridging carboxylate ligands happens 
both intra- as well as intermolecular. The m ixing experiment shows that the carboxylate 
switching is rapid. The thermodynamical parameters derived from the VT 1H N M R spectra 
confirm for 2 a (zinc acetate cluster) that the exchange mechanism is predominantly 
intermolecular. For 1a (cadmium acetate cluster) the thermodynamical parameters suggest a 
predominantly intramolecular exchange o f  the carboxylate ligands.
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3.12 Experimental
3.12.1 In stru m en ta tio n
The 1H NMR, 13C{1H} NMR, CH-CORR, COSY, NOESY, EXSY and COLOC spectra were recorded on a 
Bruker Advance 500 MHz operating in the temperature range 257 to 357 K. The 1H NMR spectra between 296K 
and 331 K of 2d were measured on a Bruker DPX-200. Chemical shift are reported in ppm using deuterated 
solvent peaks as a reference. UV-Vis spectra were recorded on a Varian Cary 50 spectrometer equipped with a 
thermostatted cell holder. The concentration of the used solutions was 2.5 x 10-5 mol/L.
3.12.2 M ateria ls
The synthesis and characterization of the tetranuclear carboxylate clusters 1a, 2a, 2b, 1d, 2d, 2e and 11 are 
described in Chapter 2. All solvents are obtained commercially and used without purification.
3.12.3 Variable Tem pera ture N M R  Spectroscopy
The VT-NMR experiments were performed on a Bruker Advance 500 operating at 500 MHz and 125 MHz in the 
temperature range 242 K to 357 K with steps of 5 K. The temperature calibrated using 100% ethylene glycol and 
100% methanol.[21]
VT-NMR provides the possibility for determination of the kinetic parameters of the dynamic process. The most 
accurate rate constants are obtained by using a full line-shape analysis, but our spectra suffer from significant 
overlap between the peaks hampering a good comparison with calculated line shapes. However, good estimates 
of these values can be obtained by using well established approximations. In the “coalescence method” the rate 
constant at different temperatures is estimated using the difference in chemical shifts of the exchanging 
proton.[22] This approximation is valid when the sites of exchange are equally populated and (vA -  vB) is large 
compared with half-height line-widths raa0 and raa0.[23] The rate constant at the coalescence point is determined by 
using Equation 1,
were kTc is the rate constant at the coalescence point, and Au0 is the maximum chemical shift difference (in Hz)
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for a particular proton in the absence of exchange. The Eyring equation (Equation 2) can be rearranged into 
Equation 3, which allows the estimation of the Gibbs energy of activation (AG*) at the coalescence temperature,
khxT -At
kTc = —V ^ e ^  ( 2 )
AG* =-RTln
V kbxTc .
( 3 )
were R is the gas constant, Tc is the coalescence temperature, kTc is the rate constant at coalescence, h is Plank’s 
constant, kb is Boltzmann’s constant.
For temperatures below and up to the coalescence point the rate constants are determined by using Equation 4,
1
k T<Tc=  ^Au° -Au2 ^2 ( 4 ) 
were kT<Tc is the rate constant for temperatures below the coalescence point, Au0 is the maximum chemical shift 
difference (in Hz) for a particular exchanging proton, Aue is the chemical shift difference (in Hz) for a proton at a 
particular temperature.
These rate constants can be used to construct an Eyring plot (ln(k/T) vs 1/T) by substituting Equation 5 into 
Equation 2 and rearranging it to Equation 6. The intercept and the slope of this plot lead to estimated values of 
AH* and AS* (respectively, enthalpy and entropy of activation).
AG* =AH* -TAS* ( 5 )
ln1 k  ! = -AHÌ 11  1 +
T I R V T
, kb AS* I ln — +—  
h R
( 6 )
The error in AG* has been estimated to be larger than 10%, but it has been shown that this value is not very
sensitive to large errors in temperature or rate constant.[24] The error in AH* and AS* are the standard deviations
obtained by linear regression analysis.
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3.13 Supporting Information
3.13.1 V T  N M R  Spectra  f o r  2a
357 K
316 K
310 K
304 K
J '- v /v
Figure S1 Selected Variable-Temperature H  NMR spectra o f 2a in the range o f257 to 357 K. The assignment 
o f the peaks is given in Figure 4.
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3.13.2 V T  N M R  Spectra  f o r  1a
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Figure S2 Selected Variable-Temperature H  NMR spectra o f  1a in the range o f 257 to 357 K. The assignment
o f the peaks is given in Figure 6.
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3.13.3 V T  N M R  Spectra  f o r  1d
348 K
328 K
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J1______ 7LJ1l)ULJ1aV
273 K
Luui_______/II I IV - illiJ
Figure S3 Selected Variable-Temperature H  NMR spectra o f  1d in the range o f 253 to 348 K. The assignment
o f the peaks is given in Figure 7.
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3.13 .4  V T  N M R  Spectra  f o r  2 d
331 K
311 K
278 K
263 K
•tow W jlw UgJ,
L j j l U__ I
Figure S4 Selected Variable-Temperature H  NMR spectra o f  2d in the range o f  253 to 331 K. The spectra at
311 K, 321 K  and 331 K  were measured on a 200 MHz, the other spectra on a 500 MHz. The assignment o f  the
peaks is given in Figure 8.
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3.13.5  V T  N M R  Spectra  f o r  2e
348 K
J
328 K
318 K
278 K
258 K
238 K
8.0 7.0 6.0 5.0 4.0 3.0
Figure S5 Selected Variable-Temperature 1H NMR spectra o f 2d in the range o f 253 to 331 K. The assignment 
o f the peaks is given in Figure 9.
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CHAPTER 4
Modulating Magnetic Interactions within Tetranuclear 
Manganese and Cobalt Clustersf
Abstract
A  method is presented to design molecular magnets in which the exchange interaction 
between adjacent metal ions is modulated by electron density withdrawal through bridging 
ligands. The choice of the bridging carboxylate ligands determines the type and strength of 
the three magnetic exchange couplings (J1, J 2 and J 3) present between the manganese ions o f  
the tetranuclear clusters. Experimentally measured magnetic moments in high magnetic fields 
show that upon electron density withdrawal the antiferromagnetic exchange constants J i  and 
J 2 decreases, whereas J 3 changes to a small ferromagnetic coupling. Experimentally measured 
magnetic moments in high magnetic fields o f  the tetranuclear cobalt clusters are also affected 
by electron density withdrawal via the carboxylate ligands. The results indicate that there is a 
complex arrangement between the magnetic moment and the ligands, which cannot be 
described simply by electron withdrawal.
* Parts of this chapter have been published. E. Kampert; F. F. B. J. Janssen; D. W. Boukhvalov; J. C. Russcher; 
J. M. M. Smits; R. de Gelder; B. de Bruin; P. C. M. Christianen; U. Zeitler; M. I. Katsnelson; J. C. Maan; A. E. 
Rowan, Inorganic Chemistry, 2009, 48(24), 11903-11908.
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4.1 Introduction
Understanding and controlling magnetism on a molecular scale are key research topics o f  
modern material science, with single-m olecule magnets such as M n12-, Fe8- and V 15-clusters 
as the most prominent exam ples.[1] The discovery o f  the magnetic molecular material Prussian 
Blue initiated this research field o f  molecular magnetism and a wide variety o f  well-described  
compounds has been found ever since.[2] At first the research was focused on magnetic 
m olecule design, which evolved into the exploration o f  diverse physical properties o f  the 
obtained compounds as soon as the first single-m olecule magnets (SM M s) were found.[3] In 
our studies w e intend to renew the attention to the design o f  magnetic m olecules by 
explaining the change o f  magnetic properties o f  new M n4 and Co4-clusters. 
Phenomenologically, the magnetic exchange interaction J  between metal ions is determined 
by the overlap o f  electronic orbitals expressed in a series o f  symmetry rules 
( superexchange) .[4, 5] Influencing the geometrical orbital overlap through structural 
modification o f  a magnetic m olecule has indeed allowed a modification o f  its magnetic 
properties. 6^  Alternatively, magnetic exchange interactions between ions can be tuned by a 
chemical modification o f  the m olecule’s backbone, thereby changing the overlap o f  the orbital 
wave functions between the magnetic ions by altering the electron withdrawing properties o f  
the ligands.[7]
4.2 Superexchange
In anti- and ferromagnetic materials the electron spins do not behave as isolated entities, but 
can interact via a quantum mechanical exchange process with their surroundings, that is other 
electron spins. There are three main types o f  this exchange process. In some materials the 
metal atoms are separated not far apart and the electron spins on each metal can feel the 
presence o f  the electron spins on the other metal (direct exchange)}8  In other materials the 
separation o f  the metal atoms is too large and the electron spins have to interact via another 
medium. In the R K K Y  interaction  (Ruderman-Kittel-Kasuya-Yoshida) the electron spins o f  
one metal interact with a conduction electron. This conduction electron will then transfer this
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information to electron spins on another metal.[9] The last exchange method is based on orbital 
overlap between metal atoms mediated via the orbitals o f  a non-magnetic ligand located 
between these metals (superexchange) .[5, 10]
In our tetranuclear carboxylate cluster the metal atoms are separated to far apart to transfer the 
information o f  the electron spins via a direct exchange process and there are no conduction 
electrons present to mediate the spin via the RKKY interaction. The main exchange process in 
our cluster is the superexchange. Therefore, in this section a simplified orbital model is used 
to explain the origin o f  anti- and ferromagnetic interactions based on the superexchange 
theory. In this simplified model it is assumed that each metal atom only carries one electron 
spin.
4.2.1 L in e a r  M -L -M  B o n d
In Figure 1 the interaction between metal electron spins in a linear M -L-M  system is 
schematically depicted. Assum e that M i in Figure 1 has its electron spin in a “spin up” 
orientation. The ligand will donate some electron density from its 2p orbital to the orbital o f  
M i. The transferred amount o f  spin to M i will have spin “down”, because o f  the Pauli 
Exclusion Principle*. The 2p orbital o f  the ligand is completely filled and contains two  
electrons with antiparallel spins, again due to the Pauli Exclusion Principle. Because the 
orbital o f  the ligand needs to preserve its spin neutrality, it will simultaneously donate some
Figure 1 Schematic representation o f the exchange process in a linear M-L-M system. The coupling o f the 
electron spin o f the metal via the orbital o f the ligand leads to an antiparallel orientation o f the electron spins on 
the metals and, hence, an antiferromagnetic coupling.
* The Pauli Exclusion Principle states that two electrons in the same orbital cannot have the same spin quantum 
numbers. The overlapping metal and oxygen orbitals can be considered as one (new) orbital.
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electron density to M2 (on the right o f  Figure  1), but with spin “up”. The electron spin o f  M2 
will have its spin “down”, as dictated by the Pauli Exclusion Principle. If the orientation o f  
the spin o f  M i is compared with M2, it can be seen that these are orientated in an antiparallel 
fashion and, hence, the magnetic interaction between the two metals is considered to be 
antiferromagnetic.
Figure 2 Schematic representation o f the exchange process in an M-L-M system with a 90° angle. The coupling 
o f the electron spin o f the metals via the orbitals o f the ligand lead to a parallel orientation o f the electron spins 
on the metals and a ferromagnetic coupling should exist between the metals.
4.2.2 O rthogonal M -O -M  Superexch a n g e
In F igure 2 a schematic representation is given o f  the orbitals in a M -O-M  system with a 90° 
angle between the two M -O overlaps. Again, w e assume that the electron spin in M i has its 
spin “up”. One o f  the p orbitals (e.g. px) in the ligand will transfer some o f  its electron density 
to the metal, and because o f  the Pauli Exclusion Principle this transferred electron density will 
have spin “down”. In this case, another p orbital o f  the same ligand (e.g. py) will transfer some 
o f  its electron density to M2. Due to spin correlation^ this second transferred electron density 
will have also a spin “down” orientation. The orientation o f  the electron spin in M2 has to be
§ Spin correlation encourages parallel spins within the same ligand.
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spin “up”, because o f  yet again the Pauli Exclusion principle. If w e look at the orientation o f  
the electron spins o f  M l and M 2, it can be seen that they are now orientated in a parallel 
manner, which means that the interaction between M l and M 2 is ferromagnetic.
4.2.3 L in e a r  M -O -M S u p e re x c h a n g e  w ith  S p in  Correlation
In another situation spin correlation can also lead to a ferromagnetic interaction between the 
metal atoms (F igure  3). Similar as in the previous two situations, w e assume a spin “up” 
orientation o f  the electron on M l. The electron density transferred from the ligand to M l will
M2 
Filled 3d
3d Ligand 2p Empty 3d
Figure 3 Schematic representation o f the exchange process in a linear M-L-M system, but via spin correlation in 
one o f the metal atoms. The coupling o f the electron spin o f the metals via the orbital o f the ligand leads to a 
parallel orientation o f the electron spins on the metals and, hence, a ferromagnetic coupling.
have spin “down” as a consequence o f  the Pauli Exclusion Principle. The filled 2p orbital o f  
the ligand will transfer electron density with spin “up” to M 2, because o f  the preservation o f  
spin neutrality in the orbital o f  the ligand. In this case, the o-bonded d-orbital o f  M 2 does not 
contain any electrons. A  second d-orbital on M 2, which is filled with an electron, feels the 
presence o f  electron density with spin “up” (transferred by the ligand) in the empty d-orbital.
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Spin correlation stimulates the electron in the filled orbital o f  M 2 to orient itself in the same 
direction as the transferred electron spin in the empty d-orbital. The comparison o f  the 
electron spins in M l and M 2 show that these electrons both have spin “up”. This means, as 
mentioned in the beginning o f  this section, that the two metal atoms are coupled via a 
ferromagnetic interaction.
4.2 .4  A im  o f  th is C hapter
The above discussed models show that the magnetic interaction between metal atoms depends 
on the electron density in and the relative orientation o f  the orbitals. As stated in the 
beginning o f  this section, the given examples o f  superexchange  represent a very simplistic 
situation. In the majority o f  the magnetic materials, including our cluster, the system is much 
more complicated (e.g. there are more than one unpaired electrons present on a metal atom). 
As a consequence, it is hard to predict or to prove the superexchange  theory as provided by 
Kanamori, Goodenough and Anderson. This also means that it is difficult to predict the 
magnetic behavior o f  polynuclear clusters and, therefore, suitable compounds are still found 
mainly serendipitously.
The relative orientation o f  the orbitals within different tetranuclear clusters was analyzed in 
detail in Chapter 2 in terms o f  the M -O-M  angles and M -O bond lengths. The geometrical 
flexibility o f  the clusters in the solid state, due to different crystallization solvent 
environments, prevents a genuine magneto-structural correlation. Although the effect o f  the 
small changes in angles between the different clusters cannot be excluded completely, it is 
believed that the changes in magnetic behavior are predominantly caused by the different 
electron withdrawing substituents on the carboxylate and diiminepyridine ligands. Therefore, 
in this chapter the concept o f  modulating magnetic interactions to design and synthesize new  
metal-organic magnetic m olecules with exchangeable ligands defining their magnetic 
properties is applied. B y choosing the appropriate ligand the electron withdrawal from the 
metal ion-core is controlled and thereby the intramolecular exchange interactions are modified  
(Figure  4). Specifically, M n4 and Co4-clusters with a variety o f  electron withdrawing 
carboxylate ligands that bridge the metal ions, while the structure o f  the cluster remains intact, 
have been synthesized. In addition w e investigate the magnetic effect o f  an electron 
withdrawing substituent on the diiminepyridine ligand o f  the Co4 cluster.
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The cubic core structure o f  our tetranuclear clusters (Figure 4) resembles the water-oxidizing 
complex in photosystem II, which enables plants to oxidize water to dioxygen.[11] Previous 
research on photosystem II m im ics has shown complicated magnetic behavior depending on 
both antiferromagnetic and ferromagnetic exchange interactions within the cluster.[12] 
Therefore, elucidating the magnetic properties o f  our specific M n4- and Co4-based clusters 
and its variants with different ligands may clarify the generic magnetic behavior o f  
tetranuclear (manganese) clusters (such as photosystem II) in general.
=  M n or Co 
Q = 0
O = Carboxylate 
Q  = H, CH3, C6H 5, CF3, C6F5
Figure 4 Schematic representation o f the distorted cubane-like core consisting offour manganese or cobalt ions, 
four phenolate oxygens and four carboxylate ligands (two chelating to B respectively D, and two bridging A-B 
respectively C-D). Because o f symmetry there are three different exchange interaction paths between the ions: J i 
(blue), J2 (green), J3 (red).
4.3 Tetranuclear Manganese Clusters
4.3.1 M agnetom etry  R esu lts
For a full magnetic characterization o f  our three M n4-clusters with different ligands w e have 
measured the magnetization in terms o f  magnetic moment per cluster o f  three powdered
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samples at various temperatures in magnetic fields up to 31 T. The results for 
[Mn4(L 1)2(O2CCH3)4] (3a), [Mn4(L 1)2(O2CC6H5)4] (3d) and [Mn4(L 1)2(O2CCF3)4] (3c) are 
shown in Figure 5a, 5b  and 5c  respectively; Figure 6  displays the low-temperature (T = 4.2 
K) magnetic-moment isotherms for all three samples. All curves start with a finite slope and 
slow ly approach saturation at the highest magnetic fields and the low est temperatures; a 
behavior that is typical for a molecular magnet dominated by antiferromagnetic inter-ion 
exchange. The clusters start o ff  in a nonmagnetic S = 0 ground state at low  fields and saturate 
in an S = 10 state at high fields, where the Zeeman energy o f  each individual manganese ion 
in the cluster dominates the antiferromagnetic interactions between them. All twenty unpaired 
electrons in the M n4-cluster then have their spins aligned parallel to the magnetic field.
Key differences between the magnetic properties o f  our three types o f  M n4-clusters are 
visualized in their low-temperature magnetic-moment isotherms displayed in Figure 6. The 
acetate-bridged cluster 3a has the largest intramolecular antiferromagnetic interactions, 
resulting in the smallest slope at low  magnetic fields. When electron density is withdrawn 
from the [Mn4O4]-core by the benzoate ligands in 3d this coupling is decreased, as is evident 
from the increased slope. Even stronger electron density withdrawal by the trifluoroacetate 
ligands in 3c, results in a largely increased slope at low  magnetic fields, which approaches the 
magnetization behavior o f  four independent S = 5/2 Brillouin paramagnets per cluster, in 
which no antiferromagnetic interactions are present at all.
The antiferromagnetic character o f  the M n4-clusters can also be observed in their low-field  
volum e susceptibilities defined as the derivative o f  the magnetic moment per unit volume 
with respect to the magnetic field. For 3a, / 3a gradually increases from low  temperatures 
through the N eel point (inflection point) to a maximum and continues with inverse 
temperature behavior towards higher temperatures (see inset in Figure  6 ). The volume 
susceptibility o f  3c, / 3c, hints towards a considerably smaller magnetic inter-ion coupling; it 
has no maximum within the measured temperature range. Its absolute value, however, still 
falls below  the value expected for an uncoupled system o f  four S = 5/2 Brillouin paramagnets, 
indicating that some net antiferromagnetic interaction is still present in the trifluoroacetate- 
bridged Mn4-cluster. Finally, the susceptibility o f  3d, / 3d, falls in-between that o f  3a and 3c 
positioning its antiferromagnetic inter-ion coupling in-between the values for these two  
compounds.
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Figure 5 Magnetization o f the individual manganese clusters. The measured magnetic moment isotherms all 
start at the non-magnetic S = 0 state and show the consecutive population o f higher spin energy levels upon 
magnetic field increase. A t the lowest temperatures and high magnetic fields this results in the full population 
o f the S = i0  state and saturation o f the magnetization. The solid lines represent the best fits after modeling 
the data. a) Magnetic moment isotherms o f 3a, fits obtained with J i = -2.2 K , J2 = -1.1 K and J3 = -0.1 K. 
Inset, The intramolecular exchange interactions are visualized in the distorted [Mn4O]-core. The radii o f the 
rods that connect the manganese ions give the strength o f the magnetic exchange interactions. b) Magnetic 
moment isotherms o f 3d, fits obtained with J i = -1.9 K , J2 = -0.1 K and J3 = +0.2 K. c) Magnetic moment 
isotherms o f 3c, fits obtained with J i = -0.6 K , J2 = -0.3 K and J3 = +0.1 K.
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Both the isothermal magnetic-moment measurements and the derived volum e susceptibility 
show that changing the carboxylate ligands o f  the M n4-cluster from acetate to benzoate and 
trifluoroacetate decreases the antiferromagnetic intramolecular coupling. Therefore w e can 
already conclude that increasing the electron withdrawing strength o f  the bridging ligands 
affects the orbital overlap o f  the [Mn4O4]-core such that these exchange interactions are 
decreased. Since our ligand variation only results in minor changes to the crystal structures, 
all differences in the magnetic behavior can be related to the altered electron withdrawal by 
the ligands. The typical intermolecular distance in our clusters is about 8 Â. Hence, 
intermolecular magnetic couplings make a negligible contribution to the measured magnetic 
interactions, and only intramolecular interactions have to be taken into account in our detailed 
analysis.
0
w
o
B (T)
Figure 6 Overview o f the magnetization and volume susceptibilities o f the manganese clusters at low 
temperature. Magnetic moment o f 3a (red), 3d (green) and 3c (blue) at 4.2 K. For comparison the magnetic 
moment o f four fully decoupled S = 5/2 Brillouin paramagnets is also shown (black). Inset) Temperature 
dependencies o f the volume magnetic susceptibilities o f the Mn4-clusters, extracted from the magnetic moment 
data at low magnetic fields, and the calculated paramagnetic susceptibility o f four uncoupled S = 5/2 Brillouin 
paramagnets per cluster. Increasing the electron density withdrawal from the [Mn4O4]-core yields susceptibility 
curves that approach more and more that o f a Brillouin paramagnet.
152
Modulating Magnetic Interactions within Tetranuclear Manganese and Cobalt Clusters
4.4 Tetranuclear Cobalt Clusters
4.4.1 M agnetom etry  R esu lts
In Figure 7 the low  temperature (T = 4.2 K) magnetic moment isotherms o f  the 
[Co4(L 1)2(O2CCH3)4] (4a), [Co4(L 1)2(O2CH)4] (4e), [Co4(L 1)2(O2CCF3)4] (4c) and 
[Co4(L1)2(O2CC6F5)4] (4f) clusters are shown. In Figure 8  the low  temperature (T = 4.2 K) 
magnetic moment isotherm o f  [Co4(L4)2(O2CCH3)4] (11) is presented. The clusters start o f  in 
a non-magnetic S = 0 ground state at low  magnetic fields. Their magnetic moment steadily 
increases with increasing magnetic fields (measured up to 30 T), but, remarkably, magnetic 
saturation is not reached. The four high spin cobalt ions each have three unpaired electrons (S 
= 3/2 per cobalt ion) and this should lead to a saturation at 12 ^ /cluster. At 30 T only a 
magnetic moment o f  9 p,B/cluster is reached, which is about 75% o f  the expected magnetic 
saturation for four S = 3/2 cobalt ions. An error o f  about 10% in the observed value must be 
taken into account for the unknown exact composition o f  the powdered materials used in the 
magnetic measurements. The estimated error o f  10% is too small to explain the difference 
between the observed 9 p,B/cluster and the theoretical 12 p,B/cluster. A  possible explanation for 
the discrepancy between the experimental and theoretical magnetic moment could be 
magnetic anisotropy within the cluster. The M nII-ions in the tetranuclear manganese clusters 
contain 5 unpaired electrons per ion, which means one unpaired electron per d-orbital and a 
magnetically isotropic character for the M nII-ion. The CoII-ions in the tetranuclear cobalt 
clusters have only three unpaired electrons per ions, which means that only three d-orbitals 
have an unpaired electron and, hence, the magnetic character o f  the CoII-ions becom es 
anisotropic. This anisotropy o f  the cobalt ions could create an easy axis o f  magnetization 
within the tetranuclear cluster. The small crystallites in our imm obilized sample each have a 
different orientation to the magnetic field. Some o f  the crystallites will have their easy axis o f  
magnetization parallel to this field and will have a faster increasing magnetic moment. The 
other crystallites will have a hard axis o f  magnetization parallel to the magnetic field, and
** The calculation of the magnetic moment per cluster is based on the molecular weight (incorporating lattice 
solvents) suggested by the crystal structure refinement. The lattice solvents, however, evaporate easily from the 
crystal lattice upon isolation from the mother liquid. Therefore, the molecular weight of the measured sample is 
not exactly known.
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their magnetic moment will increase very slow ly with increasing magnetic fields. Such an 
effect o f  the orientation o f  single crystals within a magnetic field has been observed for a 
CoII4Cl4 cluster.[13] Our overall observed magnetic behavior would then be an average o f  the 
individual curves o f  the two types o f  crystallites. One would, however, expect some spreading 
in the observed magnetic moment between 20 and 30 T, because it is expected that the ratio 
between the two orientations o f the crystallites cannot be the same in all five samples. 
Measurements on single crystals o f  these cobalt clusters need to be performed to gain more 
insight in the anisotropy o f the cluster.
B (T)
Figure 7 Overview o f the magnetization o f the cobalt clusters at low temperatures. Magnetic moment o f 4a 
(black), 4e (blue), 4c (red) and 4 f (magenta) at 4.2 K. For comparison, the magnetic moment o f four fully 
decoupled S = 3/2 Brillouin paramagnets rescaled to the measured saturation is shown (dashed black).
A  comparison with a re-scaled curve o f  four independent S= 3/2 Brillouin paramagnets (black 
dashed lines in Figure 7 and 8 ) show unambiguously that the cobalt clusters are dominated by 
antiferromagnetic inter-ion exchange.
The fitting o f  the magnetic results with julX  (as has been performed for the manganese 
clusters) (see A ppendix  B  for more details on this fitting) o f  the five cobalt clusters does 
probably not give very reliable result, because w e only have one magnetic moment isotherm
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per cluster and the value o f  9 p,B/cluster can probably not be fitted properly. In the next 
section only a qualitative description o f  the magnetization curves is given.
B (T)
Figure 8 Overview o f the magnetization o f the cobalt clusters at low temperatures. Magnetic moment o f 4a 
(black) and 11 (gree ) at 4.2 K. For comparison, the magnetic moment offour fully decoupled S = 3/2 Brillouin 
paramagnets rescaled to the measured saturation is shown (dashed black).
4.4.2 E ffe c t  o f  the  L igands
All the tetranuclear carboxylate clusters are structurally similar to each other. It is, therefore, 
expected that the electron withdrawing groups affect the reduction o f  the electron density on 
the metal atoms via the same bonds.
The order o f  electron withdrawing strength o f  the carboxylate ligands is O2CC6F5 ~  O2CCF3 > 
O2CH > O2CCH3, with O2CCH3 being the weakest electron withdrawing ligand. The 
difference in electron withdrawing capacities between O2CC6F5 and O2CCF3 is unclear, and it 
is not attempted to differentiate between them. An inspection o f  the results in Figure 7 shows 
that this trend in electron withdrawing strength is not visible in the magnetic moment 
isotherms o f  the cobalt clusters, whereas there is a clear trend for the manganese clusters 
(Figure  8 ).
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The overall magnetization o f  a compound consists o f  a combination between the anti- and 
ferromagnetic interactions within that molecule. This means that i f  there are more and/or 
stronger antiferromagnetic interactions than ferromagnetic interactions, the overall magnetic 
behavior will be antiferromagnetic. Introducing electron withdrawing groups on the ligands o f  
the clusters, reduces the electron density and the orbital overlap between the metals. This 
means that w e will either reduce an antiferro- or a ferromagnetic interaction. A  qualitative 
analysis o f  the magnetic behavior could, therefore, give information about the type o f  
interaction between specific metal atoms.
The changes in magnetic moment isotherms o f  4c, 4e, 4 f and 11 w ill be compared to the 
magnetic moment isotherm o f  4a, which has the least electron withdrawing carboxylate 
ligand. The magnetic moment o f  4e increases faster at low  magnetic field than the magnetic 
moment o f  4a. At about 4 T the magnetic moment isotherm intersects the isotherm o f  4a, and 
for magnetic field up to 20 T the magnetic moment is smaller than in 4a. The magnetic 
moment isotherm o f  4c is smaller than the isotherm o f  4a and 4e in the entire range o f  
magnetic fields. In general, the overall magnetic behavior o f  4e and 4c becom es more 
antiferromagnetic compared to 4a. Since w e are reducing the orbital overlap and electron 
density between the superexchange bonds, w e effectively have reduced ferromagnetic 
interactions. This is very remarkable, since the O2CCF3 ligand in the manganese clusters led 
to reduction o f  antiferromagnetic interactions.
The magnetic moment o f  4 f is much larger than the moments o f  4a, 4e and 4c over the entire 
range o f  magnetic fields. In analogy with the previous reasoning, this would mean that the 
O2CC6F5 ligand is responsible for the reduction o f  an antiferromagnetic interaction, instead o f  
a ferromagnetic interaction as in the clusters 4e and 4c. This is rather strange, since the 
different carboxylate ligands are expected to affect the same bonds and thus the same type o f  
interactions between the metal atoms. This inconsistency suggests that there are more factors 
important in the modulation o f  exchange interactions. Perhaps, the role o f  M -O-M  angles (and 
distances) is more important for the magnetic behavior in the cobalt clusters than in the 
manganese clusters. It is, therefore, highly desirable to study the magnetic behavior o f  single­
crystals, which could allow  for a genuine magneto-structural correlation.
The magnetic moment o f  11 is again smaller than 4a in magnetic fields up to 20 T and the 
overall magnetic behavior is thus more antiferromagnetic than in 4a. If w e only consider the
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effect o f  the ligand, than the modification o f  the diiminepyridine ligand with a more electron 
withdrawing substituent will lead to a reduction o f  ferromagnetic interactions. It would be 
very interesting to study the effect o f  electron donating groups on this position o f  the 
diiminepyridine ligand. This would then lead to a reduction o f  anti-ferromagnetic interactions, 
and an overall less anti-ferromagnetic behavior o f  the cluster.
4.5 Conclusions
In conclusion, w e have synthesized tetranuclear manganese and cobalt clusters with a 
distorted cubane-like [M4O4]-core, in which the carboxylate ligands that bridge the metal ions 
determine their electronic orbital overlap and therefore the strength o f  the magnetic exchange 
interactions in-between them. Based on DFT calculations (Appendix A )  and experimentally 
measured magnetic moment isotherms w e were able to quantify the exchange parameters for 
the manganese clusters with three independent exchange constants. Interchanging the ligands 
o f  the manganese clusters from acetate to benzoate and trifluoroacetate increased the electron 
withdrawing capacity and made it possible to reduce the strong antiferromagnetic interactions 
and induce small ferromagnetic interactions instead.
Changing the ligands o f  the cobalt clusters from acetate to formate, trifluoracetate and 
2,3,4,5,6-pentafluorobenzoate increases the electron withdrawing capacity in a similar fashion 
as with the manganese clusters. The formate and trifluoroacetate ligands appear to reduce the 
ferromagnetic interactions, whereas the 2,3,4,5,6-pentafluorobenzoate ligand appears to 
reduce the anti-ferromagnetic interactions. The correlation between electron withdrawing 
strength o f  the carboxylate ligand and the overall magnetic behavior, as seen with the 
tetranuclear manganese clusters, appears not to be present for the tetranuclear cobalt clusters. 
Additional magnetic studies, as well as theoretical calculations, are necessary to understand 
the magnetic moment isotherms better.
Nevertheless, our results constitute a new starting point for user-designed molecular magnets, 
where magnetic properties can be modulated through the electron withdrawing character o f  
the interchangeable ligands.
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4.7 Experimental
4.7.1 M agnetom etry
Magnetic moments were measured with an extraction magnetometer at various temperatures (T = 4 ... 300 K) 
using a flow cryostat in DC magnetic fields up to 31 T, available at the High Field Magnet Laboratory (HFML) 
in Nijmegen.[14]
4.7.1 S a m p le  P reparation
The powdered samples of the manganese clusters 3a, 3d and 3c have been prepared by grinding single-crystals 
of these compounds. A powdered sample of the cobalt cluster 4a was also prepared by grinding single-crystals of 
the compound, but the magnetic moment isotherm showed hysteresis. Reducing the particle size of these 
crystallites already reduced the hysteresis significantly. Measurements of an in paraffin immobilized sample of 
the finely ground powder did not shown hysteresis any longer. This is an indication that the hysteresis is caused 
by the alignment of the crystallites in a magnetic field due to the magnetic anisotropy within the cobalt cluster. 
The magnetic moment isotherms of the cobalt clusters 4a, 4e, 4c, 4f and 11 were thus measured on a pellet 
containing powdered material immobilized in paraffin.
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Appendix A Theoretical Calculations
For a more quantitative analysis o f  the measured magnetization data in terms o f  exchange 
interactions between the manganese ions, density functional theory (DFT) calculations have 
been performed from which the electronic structures o f  the strongest and weakest 
antiferromagnetically coupled M n4-clusters 3a and 3c using the LD A +U  method realized in 
the ASA-LM TO code Stuttgart-47 was evaluated.[15] The same parameters have been used as 
described in more detail in earlier work and have based the value o f  the Coulomb repulsion in 
the calculation o f  the density o f  states, U  = 6  eV, on the distance between the manganese 3d  
bands and the 2p  bands o f  the oxygens in the cubane-like cores.[16] The resulting electronic 
structures o f  the clusters are shown in Figure A. 1a  and A .1b  and agree well with previous 
experimental and theoretical results for other manganese-based SM M s.[17] Such broadened 
Mn 3 d  bands in the calculated spectra have also been experimentally observed in a M n6- 
cluster and a M n12-cluster with aromatic ligands. The overlap o f  the Mn 3 d  bands and both O 
2p  bands indicates that all oxygens contribute to the magnetic exchange interactions. A s noted 
above, the value o f  the exchange interaction depends on the overlap o f  the occupied electronic 
orbitals o f  the magnetic ions. Exchanging the acetate ligands by more electron withdrawing 
trifluoroacetates m oves the Mn 3 d  band lower on the energy scale, thereby changing the 
overlap such that the intramolecular magnetic exchanges between the manganese ions are 
decreased.
The exchange interactions between the four manganese ions were calculated by variations o f  
the total energy at small spin rotations using the magnetic force theorem.[18] On the basis o f  
the clusters’ symmetry three different exchange interaction pathways can be identified (see 
F igure  4): an inter-plane interaction J 1 between non-equivalent carboxylate chelated Mn 
atoms (B or D ) bridged only via the phenolate oxygen atoms (OPh) to the Mn atoms bound to 
an L - ligand (C or A) with Mn-OPh-Mn angles o f  ~103-105°; an in-plane interaction J2 over 
the carboxylate bridged Mn atoms A-B and C-D with M n-OPh-Mn angles o f  ~90-95°; and the 
inter-plane interaction J 3 between two sets o f  equivalent ions (A-C and B-D ) with Mn-OPh-
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Mn angles o f  -100 -104°.^  The calculations yield relatively large inter-plane 
antiferromagnetic exchange interactions J 1 (J1 = -6  K for 3a and J 1 = -2 K for 3c); the in-plane 
antiferromagnetic exchange couplings J2 are smaller than J 1 (J2 = -3 K for 3a and J 2 = -1 K 
for 3c). Finally, the inter-plane exchange interaction constants between equivalent Mn ions 
show a small ferromagnetic coupling (J3 < 1 K for both clusters). These calculations confirm  
both the experimental results where the magnetic moment o f  3c increases much faster than 
that o f  3a and the DFT-results with increased Mn-O overlap for 3c and thus a weakened inter­
ion coupling.
a) 1 0
5
I
b) co 0  
O  
Q
5
0
Figure A.1 DFT calculations o f the density o f states. a) The densities o f the manganese 3d (red) and oxygen 2p 
states o f 3a obtained from DFT calculations. The oxygens are divided into two groups: O1 (green) are oxygens 
in-between the manganese ions in the cubane core, O2 (blue) connect the manganese ions with the carboxylate 
ligands. The 2 eV distance between the main peaks o f the Mn-spectrum (located at -4 eV) and the O1-spectrum 
(located at -6 eV) is typical for a SMM electronic structure. b) The main peak o f the Mn-spectrum in the DOS o f 
3c is clearly shifted towards lower energies, thereby changing the overlap o f the electronic orbitals resulting in 
decreased antiferromagnetic exchange interactions.
The magnetic moment isotherms of 3a have been measured on the material crystallized from DMF top-layered 
with diethylether. The M-O-M angles mentioned here are adapted from this crystal structure, and the angles in 
other crystal structures of 3a are not considered.
E  (eV)
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Appendix B Fitting of the Magnetic Moment Isotherms
Since DFT tends to overestimate the values for exchange constants, w e have additionally fit 
our measured magnetic moment isotherms using the program ju lX .[19] For this, the large range 
o f  magnetic fields and temperatures used in our experiments is crucial to produce a reliable 
combination o f  parameters exactly fitting the measurements. On the basis o f  the clusters’ 
symmetry and the DFT-results, w e use three independent exchange interaction constants as fit 
parameters: J 1, J 2 and J 3 as defined above. In order to obtain the magnetization as a function 
o f  magnetic field and temperature, ju lX  solves the spin Hamiltonian, given in E quation  1, via 
numerical matrix diagonalization.
ns
H  =  - 2 J i(SaS d + S ,S C) -  2 J 2( S J ,  + S Á ) -  2 J ,(S Á  + S , S D) + £  g v Á B  ( 1 )
i
Since our clusters consist o f  four isotropic M n11 ions with a non-magnetic S  = 0 ground state, 
no anisotropy or zero-field splitting terms are used. A  correction for the diamagnetic 
background was determined by taking the difference o f  the high temperature magnetic- 
moment isotherms and the theoretical Brillouin function. The solid lines in Figure 5a  show  
the best fits to the model for sample 3a with exchange interaction constants J 1 = -2.2 K, J 2 = -
1.1 K and J 3 = -0.1 K. These values are comparable to earlier studies on m olecules containing 
analogues [Mnn4O4] cores with weak antiferromagnetic interactions within the range o f  +0.4  
to -5.9 K .[20] There is good quantitative agreement with the DFT-results, with two main 
antiferromagnetic interactions and negligible coupling between the equivalent manganese 
ions. The results for 3d (solid lines in Figure 5b) give interaction constants J 1 = -1.9 K , J 2 = - 
0.1 K and J 3 = +0.2 K. Thus, the antiferromagnetic couplings J 1 and J 2 have markedly 
decreased on going from the acetate bridged cluster 3a to the benzoate bridged cluster 3d. The 
fits for 3c in Figure 5c  yield exchange interaction constants J 1 = -0.6 K , J 2 = -0.3 K, J 3 = 
+0.1 K. Again the antiferromagnetic couplings J 1 and J 2 have decreased with respect to 3a. As 
in 3d, the small coupling constant J 3  changed from antiferromagnetic to ferromagnetic, but 
remains small and is thus unable to overcome the larger antiferromagnetic interactions that 
make the magnetic moment saturate at high magnetic fields.
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The exchange interactions o f  cluster 3a are dominated by two mainly antiferromagnetic 
interactions J i  and J 2 between the non-equivalent manganese ions, while the J 3 couplings 
between the equivalent manganese ions are small. The coupling scheme o f  3d is similar to 
that o f  3a with reduced values for the large antiferromagnetic exchange constants due to the 
increased electron withdrawing character o f  the benzoate ligands. Cluster 3c shows the same 
decreasing trend for the antiferromagnetic couplings J 1 and J 2. The tendency o f  J 3 to evolve  
towards a ferromagnetic interaction shows the electron density withdrawing effect o f  the 
benzoate and trifluoroacetate ligands with respect to the acetates, but is yet too small to have a 
clear effect on the magnetic character o f  the cluster.
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CHAPTER 5
Building Blocks for Covalently Linked Tetranuclear Metal 
Clusters
Abstract
The introduction o f  an acetylene bridge between the diiminepyridine ligands o f  two clusters 
requires the synthesis o f  suitable building blocks for the preparation o f  these diiminepyridine 
ligands. The building block 4,4'-(ethyne-1,2-diyl)dipyridine-2,6-dicarbaldehyde can be 
prepared from a multiple step synthesis route, but isolation is difficult. The building block  
1,1',1'',1 '''-(4,4'-(ethyne-1,2-diyl)bis(pyridine-6,4,2-triyl))-tetraethanone was successfully pre­
pared and isolated.
CHAPTER 5
5.1 Introduction
At the end o f  C hapter 1 it was shown that polynuclear carboxylate clusters can have 
intermolecular magnetic interactions if  they are connected via either non-covalent interactions 
(hydrogen bonds) or coordination bonds. W e decided to explore the possibility o f  
intermolecular magnetic communication between tetranuclear clusters by searching for 
synthetic routes to connect these clusters in a controlled fashion.
One possible route is to exchange the carboxylate ligands on the cluster with dicarboxylate 
ligands. This has been done for the M n12O12(O2CCH3) 16(H2O) 4 cluster with a variety o f  
dicarboxylic acids (e.g. fumaric, terephtalic and trimesic acid) yielding amorphous 
coordination polymer gels .[1] However, these exchange reactions provide little control over 
the topology o f  linked m olecules. The exchange reaction between [Zn4(L1)2(O2CCH3)4] • 
3MeOH (2a) and dicarboxylic acids (e.g. fumaric and terephtalic acid) yielded insoluble 
amorphous precipitates.
ligand.
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Another possible route is to couple two clusters via the diiminepyridine ligand, which should 
give us more control in the formation of the product. W e envisaged that a conjugated linkage 
between the clusters would offer the best chance o f  observing (weak) intermolecular magnetic 
interactions. One possibility is to synthesize 4 ,4 ’-bis(diacetylpyridine)[2] or 4 ,4 ’- 
bis(diformylpyridine). This would bring the clusters in too close proximity o f  one another in 
the dimer, and could induce steric hindrance in the dynamical character o f  the tetranuclear 
clusters (Chapter  3). Therefore, w e decided to introduce a conjugated spacer in the form o f  a 
triple bond between the diiminepyridine ligand (Figure  1).
5.1.1 A im  o f  th is C hapter
In Chapter 2 it was shown that the diiminepyridine ligand is generated by the reaction o f  2,6- 
diacetyl or 2,6-diformylpyridine and 2-aminophenol. The coupling o f  the tetranuclear clusters 
via the diiminepyridine ligand requires the preparation o f  the building blocks 15 and 34 
(Schem e  1). These building blocks can be prepared by Sonogashira coupling o f  acetylene and 
halide functionalized diacetyl- and diformylpyridines, which is shown in Schem e 1.
O O
O O O O
R
O O
R 7 : R = H, X = Cl 
10: R = H, X = I 
23: R = Me, X = Cl 
36: R = Me, X =I
37: R = H
33: R = Me
15: R = H
34: R = Me
Scheme 1 Retrosynthesis o f the target dimer compounds 15 and 34.
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Furthermore, it was shown in Chapter 2 that the substituent on the imine is important in the 
formation o f  a cluster (viz. a proton substituent does not lead to the tetranuclear cluster with a 
cubane core). Yet, w e decided to synthesize building block 15 for three reasons. Firstly, the 
starting materials for the preparation o f  7, 10 and 37 are much cheaper and easier to obtain. 
Secondly, although the diformylpyridines do not form the tetranuclear metal cubane core, 
they can form polynuclear clusters. The preparation o f  dimers o f  these clusters could provide 
a proof o f  principle in the synthesis o f  dimer-clusters. And thirdly, the compounds 7, 10 and 
37 could be starting materials for the preparation o f  compounds with other potential 
applications, e.g. molecular switches.[3]
In this chapter the synthesis o f  the compounds 7, 10, 23, 33, 36 and 37 as well as their use in 
the Sonogashira coupling to obtain the building blocks 15 or 34 is presented.
5.2 Synthesis of 4-Ethynyl-2,6-diformylpyridine
The synthesis o f  7, 10 and 37 starts with the reaction o f  chelidamic acid (1) with thionyl 
chloride to yield 2 in an almost quantitative yield (Schem e  2). The acid chloride 2 is very 
moisture sensitive and was therefore kept under argon atmosphere during storage, which  
never exceeded 24 hours. An alternative route for the synthesis o f  2 was published by Mitsui 
et a /..[4] Although this is a two-step synthesis (instead o f  only one step starting from 1), 
compound 4 is a less expensive starting material than 1. To activate the 4-position o f  4 
towards nucleophilic attack, the compound was converted into its N -oxide (5) by oxidation 
with H2O2 using a tungsten catalyst. The reaction o f  5 with oxalyl chloride in CH2Cl2 will 
yield 2 in nearly quantitative yield. The acid chloride 2 can be converted to the ethyl ester 3 in 
a 79% yield by refluxing it in absolute EtOH with a catalytic amount o f  H 2SO4. The 
compound 4-chloro-2,6-diformylpyridine (7) is prepared in two steps from 3 (Schem e  3). The 
reduction o f  3 with NaBH 4 in absolute ethanol gives 6 , which is subsequently oxidized to 7. It 
is known that chloride compounds are not very reactive in Sonogashira reactions[5], and 
therefore w e decided to convert the chloride to an iodide. The conversion o f  3 to 8  was 
performed according to a literature procedure, and this yielded 8  in a nearly quantitative 
yield .[6] The preparation o f  4-iodo-2,6-diformylpyridine (10) was achieved under the same
168
Building Blocks for Covalently Linked Tetranuclear Metal Clusters
OH
HO^  „ OH
N
O O
1
Cl ^  . ¡ ÿ^  „Cl
N
O O  
2
Et O^  „ OEt
N
O O  
3
HO
O
OH
O
HO
O O
©
OH
O
4 5
Scheme 2 The two synthetic routes to 3. Reagents and conditions: (a) SOCl2, DMF, 110°C, 72 h. (b) absolute 
EtOH, cat. H2SO4, 110°C, 3 h.. (c) H2O2 (30% in water), Na2WO4 ■ 2H2O, 100°C, 16 h. (d) C2O2Cl2, CH2Cl2, - 
10°C ^  r.t. 7h., r.t. 60 h.
ba
d
c
Et O^  ^  4 * ^  „ OEt
N
O O  
3
OH OH
6
H
N
O O
7
H
c, d
Et O.
N
O O
8
OEt
9
OH
H ^  ^  „ H
N
O O
10
Scheme 3 Synthetic routes towards 4-X-2,6-diformylpyridine (7: X= Cl, 10: X  = I). Reagents and conditions: (a) 
NaBH4, abs. EtOH, r.t, 2h., 100°C, 22h.. (b) SeO2, dioxane, 100°C, 14h.. (c) Nal, sonication, r.t., 50 min. (d) 
acetyl chloride, sonication, r.t., 30 min.. (e) NaBH4, abs. EtOH, r.t, 2h., 100°C, 22h.. (f) SeO2, dioxane, 100°C, 
14h.
ba
I I I
e
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conditions as the conversion o f  3 to 7. The aldehyde m oieties o f  10 were protected with 1,2- 
ethylene glycol in toluene using a Dean-Stark trap (Schem e  4).* The Sonogashira reaction 
between 11 and trimethylsilylacetylene in dry THF yielded 12 in 60% after purification. 
Subsequent removal o f  the trimethylsilyl group by K 2CO3 in M eOH gave 13 in a yield o f  
92%.
H
O O
10
N
- O O-
11
12 13
Scheme 4 Three step synthetic route from 10 to 13. Reagents and conditions: (a) ethylene glycol, cat. para- 
toluenesulfonic acid, toluene, Dean-Stark, reflux, 56 h., (b) CuI, Pd{PPh3)2Cl2, THF, Et3N, argon atm., reflux, 
18h., (c) K2CO3, CH2Cl2, MeOH, r.t., 90 min..
II
a
5.3 Synthesis of Aldehyde Dimer
The dimer 14 can be prepared by a Sonogashira coupling between 13 and 11 in a yield o f  59% 
after purification (Schem e 5 ). The removal o f  the ethylene glycol protecting groups was
* Attempts to synthesize 4-azido-2,6-diformylpyridine from the reaction of 7 or 10 and sodium azide in warm 
DMF failed due to the lability of the aldehyde groups. The azide group could be introduced by reacting 
compound 11, which has the aldehydes protected with ethylene glycol, with sodium azide under the same 
conditions as aforementioned. Although there are no indications from literature that aldehydes are labile groups 
under Sonogashira conditions[7], we were not absolute certain that these groups would survive these conditions 
and that also contributed to the choice for 11 instead of 10 .
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achieved in a water/acetone mixture with a catalytic amount o f  para-toluenesulfonic acid. The 
1H NM R o f  the crude product showed a singlet at 10.3 ppm, which is indicative o f  an 
aldehyde proton and thus successful deprotection. The spectrum also showed that there were
H
13
O O«
11
14
O O
H  H
H/ \ H
O O
15
Scheme 5 Sonogahira coupling between 13 and 11 and deprotection o f 14. Reagents and conditions: (a) CuI, 
Pd(PPh3)2Cl2, THF, EtN, argon atm., reflux, 48h., (b) cat. p-toluenesulfonic acid, acetone, water, 65°C, 60 h.
I
b
+
some impurities present (possibly incomplete deprotection) and therefore it was attempted to 
purify the product by column chromatography over silica. However, the 1H NM R  spectrum o f  
the eluted material showed that the amount o f  product had decreased and that the amount o f  
impurities had increased. One possible explanation is that compound 15 reacts with methanol 
on the slightly acidic silica column forming a (hemi)acetal. However, this could not be 
confirmed by 1H NM R spectroscopy and electrospray mass spectrometry. Purification by 
column chromatography over a pre-treated silica column with Et3N  did also not result in the 
isolation o f  the desired product. It was also not possible to isolate any product by purification 
over a neutral alumina column. The use o f  other eluentia was tested, but this either did not 
dissolve the crude material or did not give any separation on TLC. Unfortunately, compound 
15 was not obtained as a pure product.
5.3.1 Suggestions o f  A lterna tive  R ou tes
It is, however, not said that the Sonogashira coupling to prepare 16 and 15 cannot work
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because o f  the lability o f  the aldehyde functionality. The Sonogashira coupling between 10 
and 16 is one possible synthetic route to 15 (Schem e  6 ). In case the aldehyde functionality is a 
problem during the Sonogashira reaction, alternative routes are possible, as indicated in 
Schem e 6. The Sonogashira coupling could be conducted between the ethyl esters 9 and 17 to 
give the ethyl ester 20. One possible problem in the conversion o f  20 to 15 could be the 
reduction step with NaBH 4, which could perhaps hydrogenate the triple bond. This can be 
circumvented by reacting 8  and 18 with each other to form compound 21. The final step 
would then be the oxidation o f  21 to 15 with SeO2 similar as in the preparation o f  compounds 
7 and 10.
X
10: X = I, R  = CHO
9 : X = I, R  = OCOEt
8 : X = I, R  = CH2OH
+
H
R
/ X ,
' N ^ R
16: R  = CHO 
17: R  = OCOEt  
18: R  = CH2OH
Sonogashira
R
' V - R
R ^ V R
15: X = I, R  = CHO 
20: X = I, R  = OCOEt  
21 : X = I, R  = CH2OH
Scheme 6 Possible alternative routes towards compound 15.
5.4 New and Promising Synthesis Route to 4-Chloro-2,6-diacetylpyridine
The functionalization o f  2,6-diacetylpyridine on the 4-position with a halide is not an easy 
task. A  literature search shows that o f  the three commonly used halides (Cl, Br, I) only the 
chloride functionalized 2,6-diacetylpyridine is known. In the past our group has explored the 
few  literature procedures in order to prepare 4-chloro-2,6-diacetylpyridine (23) (Schem e  7)[8]. 
Both Route I and II start with the conversion o f  the relative expensive chelidamic acid (1) into 
4-chloropyridine-2,6-dicarbonyl dichloride (2). Follow ing route I, the acid chloride 2 is
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converted into the bis-diazoketone derivative 6 , which upon reduction with hydrogen iodide 
should yield the diactylpyridine 23 .[8] In route II the acid chloride 2 is converted into 24 by 
reacting it with Meldrum’s acid. Subsequent hydrolysis and decarbonylation with aqueous 
acetic acid should give 23 as yellow  crystals.[9, 10] Both routes were attempted several times, 
but they could not be reproduced.[11] Route III comprises 5 steps, o f  which the first 4 have 
been described in literature (Schem e  7).[12] The last step (conversion o f  27 to 23) would be the 
substitution o f  the hydroxide group into a chloride, which could perhaps be performed under 
similar or analogues conditions as the preparation o f  2 .[13] However, attempts o f  route III 
failed in obtaining compound 26.
OH
HO,
N
O O
1
OH
II
© * N
N
N
O O
22
©
N *  © 
V N
N
O O
23
III
N
O O
4
N
O ' ' O O ' ' O
W  Y - l
24
OAc
O O I O O 
^ © O 
25
N
O O
26
N
O O
27
Scheme 7 Synthetic routes toward 4-chloro-2,6-diacetylpyridine (23) described in literature. Route I  has been 
described by Dumont et al.[8], route II by Fallahpour et al.[9,10 and route III by Breslow et al.[12]
2
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Besides attempting to reproduce the three literature procedures, also two new routes have 
been designed in our group (Schem e  S).[11] Both route IV and V  start again with the 
conversion o f  1 into 2, similar as in routes I and II. In route V  compound 2 is reacted with 
dimethyllithiumcuprate in THF, which is a known reaction for the conversion o f  acid chloride 
into a ketone.[14] Unfortunately, again no product was formed. In route V  the acid chloride 2 is 
first converted into the ethyl ester 3. Compound 3 is than reacted with N - 
methoxymethylamine to yield an amide (Weinreb amide) in s itu } 15] Subsequent reaction o f  
the amide with a Grignard reagent (MeM gBr) should give the desired ketone 23. But again, 
there were no indications o f  the formation o f  the product. It remains even doubtful whether 
W einreb’s amide had been formed.
OH Cl
HO^  ^  ^  „ OH
N
O O  
1
N
O O
23
Scheme 8 Other attempted synthetic routes to compound 23. Reagents and conditions: route IV) (Me)2LiCu, 
THF, -78°C, route V) Ethanol, cat. H2SO4 (isolation o f 3) followed by MeNH(OMe) • HCl, MeMgBr, THF, -5°C, 
2 hours with an acidic work-up.
3
A  final try to prepare 23 was attempted via yet another route (Schem e  9). One advantage o f  
this route would be that the compounds 39 and 40 are easily accessible, because the starting 
materials 10 and 36 are either commercially available or can be easily prepared. The first step 
is the conversion o f  an aldehyde into a secondary alcohol via a Grignard reaction. These 
reaction conditions have been published for the conversion o f  2 -pyridinecarbaldehyde into a-
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methyl(2-pyridine)methanol.[16] Compound 28 was isolated in a yield o f  76%. The second 
step is the oxidation o f  the secondary alcohol into a ketone. The oxidation o f  28 with PCC
1 13(Section 5.9.2) was successful and the H NM R and C NM R showed signals corresponding 
w ell with published chemical shifts.[10] However, the compound was isolated in a poor yield  
o f  23%. A  possible explanation for this low  yield could be that most o f  23 coordinates to the 
chromium o f  the oxidizing agent preventing it from eluting o f  the column. Alternatively, a 
Swern oxidation o f  28 did not yield the desired compound 23. The 1H NM R spectrum o f  the 
crude reaction product was complex and it showed that these conditions were not ideal for the 
conversion o f  28 into 23.
H
Cl
N
c
O O OH OH O O
7: X = Cl 28: X = Cl 23: X = Cl
10: X = I 37: X = I 39: X = I
36: X = Br 38: X = Br 40: X = Br
Scheme 9 New and successful synthetic route towards 23. Reagents and conditions: (a) MeMgBr (1M in THF), 
THF, r.t., 72h., (b) PCC, CH2Cl2, r.t., 21h., (c) oxalyl chloride, CH2Cl2, DMSO, Et3N, -78°C ^  r.t. (Swern 
oxidation).
b
a
Recently some excellent other options for the oxidation o f  secondary alcohols were 
published.[17] In the Dess-Martin oxidation reaction a hypervalent iodide compound is used as 
an oxidizing agent.[18] Recently, a method, working w ell for heterocycles, that generates the 
hypervalent iodide in situ  was published (Schem e  10).[19] O f course, for the oxidation o f  
compounds 28, 37 or 38 one could also use catalysts designed for the kinetic resolution o f  
secondary alcohols, but these reactions only give a maximum yield o f  50%.[20] Furthermore, 
these catalyst are often not tested for heterocycles[21] or, i f  tested on heterocycles, do not 
work[22].
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N
41
+ pow dered  Oxone® 
(0.6 equiv)
OH
C C '^ N o3N
(1 mol %) 
-------------►
CH3CN, 70°C •nV
42
Scheme 10 Possible alternative conditions for the oxidation o f a secondary alcohol using an in situ prepared 
hypervalent iodide. [19]
5.5 Synthesis of 4-Ethynyl-2,6-diacetylpyridine
Although our successful designed synthetic route to compound 23 certainly deserves an 
attempt at optimizing the reaction conditions and yield, w e decided to obtain 23 commercially 
to pursue the preparation o f  the building block 34. As aforementioned, it is known that 
Sonogashira reactions work better using an iodide than a chloride. Therefore, w e attempted to 
substitute the chloride with an iodide using the same conditions as for the substitution o f  
chloride o f  compound 3. Unfortunately, this resulted in a complex mixture and little product.
Cl
1. Nal, sonication
--------X ----- ►
2. Acetyl chloride, 
sonication
O O
23 30
Scheme 11 The attempted iodination o f 23.
Instead, w e used conditions and reagents suitable for the Sonogashira coupling o f  a chloride 
containing compound. Gelman and Buchwald have shown that the coupling between aryl 
chlorides and terminal alkynes is inhibited by the use o f  a copper co-catalyst.[23] The reaction 
between 3 and trimethylsilylacetylene, using only a palladium catalyst, gave product 31, but 
only about 50% o f  the starting compound was converted. The 1H NM R spectrum o f  the crude
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material showed that compound 23 and 31 have almost identical chemical shifts. This
13similarity in chemical shifts is less present in the C NM R spectrum, which clearly showed 
the presence o f  two products identified as 23 and 31. It became obvious that it would be 
impossible to separate the 23 from 31 by column chromatography, because they have almost 
identical R / values despite the use o f  different eluentia. Using an alternative protecting group 
on the acetylene gave 32 in a 94% yield after purification by column chromatography. The 
subsequent deprotection o f  the acetylene in toluene under alkaline conditions gave 33 in 33% 
yield.
Cl
-S,-
OH
33
Scheme 12 Sonogashira coupling o f 23 to form the terminal alkynes 31 and 32. The coupled product 32 was 
subsequently deprotected to yield compound 33. Reagents and conditions: (a) PdCl2(MeCN)2, Cs2CO3, X-Phos, 
trimethylsilylacetylene, argon atm., 90°C, 18 h., (b) PdCl2, Cs2CO3, X-Phos, 2-methyl-3-butyn-2-ol, CH3CN, 
argon atm., reflux, 16h., (c) NaOH, toluene, reflux, 20h..
b
c
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34
Scheme 13 Sonogashira coupling o f 23 and 33 to yield compound 34. Reagents and conditions: PdCl2, Cs2CO3, 
X-Phos, CH3CN, argon atm., 90°C, 20 h..
5.6 Synthesis of the Building Block
The final step to obtain compound 34 was the Sonogashira coupling between 23 and 33. This 
reaction gave the target m olecule in a yield o f  74% (Schem e  13).
5.7 Cluster Synthesis
1 34 + 2
O O
+ 8
,N H .
OH
+ 8 Zn(O2CCH3)2 • 2H2O
Scheme 14 Template reaction o f covalently coupled tetranuclear carboxylate clusters.
The diacetylpyridine bridge 34 was used in a template reaction to synthesize covalently 
coupled tetranuclear carboxylate clusters. W e decided to use a ratio between the different 
components that would mainly lead to the formation o f  two linked clusters, instead o f  
polymers (Schem e 14). The first attempt was performed in methanol, but compound 34 has a
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too low  solubility in this solvent to react. The second attempt was performed in DMF. During 
reflux the solution turned yellow ish brown and it remained a solution. After cooling down and 
after the addition o f  diethylether a brown precipitate was formed. Unfortunately, the high 
temperature 1H NM R  spectrum did hardly shown any signals due to the poor solubility o f  this 
precipitate (warm) DMF. More research into this reaction and the reaction conditions is 
required.
5.8 Conclusions
In this chapter the synthesis o f  the building blocks 15 and 34 is described. Compound 15 can 
be successfully synthesized in a minimum o f  10  steps starting from chelidamic acid. 
Unfortunately, the isolation o f  this compound was not successful. The starting material for 34 
was 4-chloro-2,6-diacetylpyridine (23), which is an expensive and difficult to synthesize 
compound. In this chapter it is shown that 23 can be prepared in two steps starting from de 
aldehyde 7. Although the yield o f  the second step was rather low, it should be possible to 
increase this yield by using other reagents. The commercially obtained 23 was successfully  
used in the Sonogashira reaction to give the building block 34. The preparation o f  covalently 
coupled tetranuclear carboxylate clusters using building block 34 was not successful yet due 
to solubility problems.
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5.10 Experimental
5.10.1 In stru m en ta tio n
1H NMR spectra were recorded on a Bruker DPX-200 operating at room temperature. 13C{1H} NMR spectra 
were recorded on a Bruker DPX-200 or a Bruker DMX-300 operating at room temperature. Chemical shifts are 
reported in ppm using TMS as a reference. Abbreviations used are: s = singlet, d = doublet, t = triplet, q = 
quartet, m = multiplet, br. = broad. Coupling constants are reported as J-values in Hz. Infrared spectra are 
recorded on a Bruker Tensor 27 FT-IR using the OPUS data collection software. Positive ESI mass spectra were 
recorded on a LCQ Advantage MAX Thermo Finnigan. High resolution mass spectra were recorded on a JEOL 
AccuTOF (ESI).
5.10.2 M ateria ls
The compound 4-chloro-2,6-diacetylpyridine (23) was obtained from HETCAT. The solvents THF, CH3CN and 
the reagent Et3N were dried over the appropriate drying agent and distilled under nitrogen prior to use. All other 
used chemicals and solvents were obtained commercially and used without any further purification.
5.10.2 E xp la n a tio n  o f  U sed C hem ica l A bbrevia tions
Cy2P 'Pr,
PCC X-Phos
Pyridinium Chlorochromate 2-Dicyclohexylphosphino-2',4',6'-
triisopropylbiphenyl
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5.10.3 Syn th esis  a n d  C haracterization
4-Chloropyridine-2,6-dicarbonyl dichloride (2)
This compound has been prepared via two routes. The first route is a modified 
literature procedure.[8] Chelidamic acid (1) (5.0 g, 27.5 mmol) was dissolved in 150 ml 
thionyl chloride (SOCl2) and 3 drops of DMF was added. The mixture was heated 
O O at 110°C for 72 h., after which the reaction mixture was allowed to cool to r.t.. The
solvent were removed to obtain the product as yellow solid. The second route has also been described in literature 
and was used without any modifications.[4] The product is very hygroscopic and moisture sensitive and was 
therefore kept under an argon atmosphere. The yield and conversion was assumed to be quantitative. It was used 
without any further purification. 1H NMR (CDCl3, 200 MHz): 5 = 8.34 (s, 2H).
2,6-Dicarboxypyridine 1-oxide (5)
This compound was prepared according to a slightly modified literature procedure.[4]
O^H
To a suspension of pyridine-2,6-dicarboxylic acid (10.0 g, 59.8 mmol) in 30 ml H2O2 
O O© O (30% in water) was added 650 mg Na2WO4 • 2H2O (1.97 mmol). After heating for 2h. 
at 100°C an additional amount of 70 ml H2O2 (30% in water) was added. After another 14h. at 100°C the reaction 
mixture was cooled to r.t. the product was extracted with 3 x 120 ml CHCl3. The organic layer was dried over 
Na2SO4. The solvent was removed to obtain the product as a white solid. Yield: 6.5 g (60 %); :H NMR (CDCl3, 
200 MHz): 5 = 7.98 (t, 1H, 3J = 7.9 Hz), 8.73 (d, 2H, 3J = 7.9 Hz), 14.7 (br. s, 2H).
Cl Diethyl 4-chloropyridine-2,6-dicarboxylate (3)
This compound was prepared according to a modified literature procedure.[24] A 
solution of 7.9 g 2 (34 mmol) in 250 ml absolute ethanol and 10 droplets of conc. 
H2SO4 was refluxed for 3h. After cooling to r.t. the solvents were removed. The white 
solid was purified by column chromatography (CH2Cl2 / 5 % MeOH, R/ = 0.58). Yield: 
7.8 g (89 %); :H NMR (CDCl3, 200 MHz): 5 = 1.44 (t, 6H, 3J = 7.1 Hz), 4.47 (q, 4H, 3J = 7.1 Hz), 8.27 (s, 2H). 
MS (ESI) calculated for m/z = 258 [M+H]+, 260 [M+H]+, 537 [2M+Na]+, 539 [2M+Na]+.
Cl
4-Chloro-2,6-pyridinedimethanol (6)
This compound was prepared according to a modified literature procedure.[25, 26] To a 
solution of 5.3 g 3 (20.5 mmol) in 300 ml absolute ethanol was added 3.47 g NaBH4 
(92 mmol) in small portions and the mixture was stirred at r.t. for 1.5 h.. After 22 h. 
refluxing, the mixture was cooled to r.t.. The solvent was removed and the 100 ml 
saturated aqueous NaHCO3 was added. The mixture was heated to boil and after 
cooling to r.t., 150 ml water was added. The product was extracted with 6 x 250 ml CHCl3. The organic layer was
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dried over Na2SO4. The solvent was removed to obtain the product as a white solid. Yield: 3.4 g (96%); :H NMR 
(CDCl3, 200 MHz): 5 = 4.51 (s, 4H), 5.58 (s, 2H), 7.35 (s, 2H).
4-Chloropyridine-2,6-dicarbaldehyde (7)
This compound was prepared according to a modified literature procedure.[25] A 
suspension of 3.4 g 6 (19.6 mmol) and 2.3 g SeO2 (20.7 mmol) in 350 ml dioxane was 
refluxed for 15 h.. After cooling to r.t. the solvent was removed and the crude 
solid was dissolved in 500 ml chloroform. The solution was filtrated over a short silica 
layer. The solvent was removed to obtain the product as a yellow solid. Yield: 2.2 g (66%); 1H NMR (CDCl3, 
200 MHz): 5 = 8.14 (s, 2H), 10.15 (s, 2H).
Diethyl 4-iodopyridine-2,6-dicarboxylate (8)
This compound was prepared according to a literature procedure for an analogue 
compound.[6] The only modification was that the crude compound was not 
recrystallized from methanol, but used without any further purification. Yield: 2.9 g 
(93 %); 'H NMR (CDCl3, 200 MHz): 5 = 1.42 (t, 6H, 3J = 7.1 Hz), 4.44 (q, 4H, 3J =
7.1 Hz), 8.62 (s, 2H). 13C{'H} NMR (CDCl3, 75 MHz): 5 = 14.1, 62.5, 106.7, 136.7, 148.6, 163.2. MS (ESI) m/z 
= 350 [M+H]+, 721 [2M+Na]+. FTIR (KBr) v = 1717 cm-1 (C=O).
4-Iodo-2,6-pyridinedimethanol (9)
This compound was prepared according to a modified literature procedure.[25> 26] To a 
solution of 2.34 g 8 (6.7 mmol) in 150 ml absolute ethanol was added 1.14 g NaBH4 
(30 mmol) in small portions. After 2h. stirring at r.t. the mixture was heated to 100°C 
for 22h.. The mixture was cooled to r.t. and the solvent was removed. The crude 
material was dissolved in 50 ml saturated aqueous NaHCO3 and 
heated to boiling. After cooling to r.t. 100 ml water was added. The product was extracted with 4 x 150 ml CHCl3 
and the organic layer was dried over Na2SO4. The solvent was removed and the product was obtained as a white 
solid. Yield: 0.93 g (53 %); 'H NMR (CDCl3, 200 MHz): 5 = 3.02 (s, 2H), 4.75 (s, 4H), 7.64 (s, 2H). MS (ESI) 
m/z = 266 [M+H]+.
4-Iodopyridine-2,6-dicarbaldehyde (10)
This compound was prepared according to a modified literature procedure.[25] A 
suspension of 5.0 g 9 (18.9 mmol) and 2.3 g SeO2 (20.7 mmol) in 600 ml dioxane were 
refluxed for 4h.. After cooling to r.t. the solvent was removed and the crude solid 
was dissolved in 500 ml chloroform. The solution was filtrated over a short silica 
layer. The solvent was removed to obtain the product as a yellow solid. Yield: 2.85 g (57 %); :H NMR (CDCl3,
182
Building Blocks for Covalently Linked Tetranuclear Metal Clusters
200 MHz): 5 = 8.50 (s, 2H), 10.08 (s, 2H). FTIR (KBr) v = 1702 cm-1 (C=O).
2,6-di(1,3-dioxolan-2-yl)-4-iodopyridine (11)
A solution of 2.65 g 10 (10.1 mmol), 2.5 g ethylene glycol (40.5 mmol) and a 
cat. amount of ^ -toluene-sulfonic acid in toluene was refluxed for 56 h. using 
a Dean-Stark water trap. After cooling to r.t. the solvent was removed. 
The crude solid was purified by column chromatography (CH2Cl2 / 5 % 
MeOH, R/ = 0.63). The product was obtained as a yellow solid. Yield: 2.6 g (74%); :H NMR (CDCl3, 200 MHz): 
5 = 4.11 (m, 8H), 5.81 (s, 2H), 7.92 (s, 2H). 13C{1H} NMR (CDCl3, 75 MHz): 5 = 65.2, 102.3, 106.3, 129.7, 
157.0. HRMS (ESI) m/z calculated for C„H13INO4 (M+H)+: 349.98829, found: 349.98893.
2,6-Di(1,3-dioxolan-2-yl)-4-((trimethylsilyl)ethynyl)-pyridine (12)
A solution of 900 mg 11 (2.6 mmol), 435 mg Cul (2.3 mmol) and 191 mg 
Pd(PPh3)2Cl2 (0.27 mmol) in a mixture of 60 ml dry THF and 50 ml dry Et3N 
was argon flushed for 10 min. After the addition of 0.82 ml 
trimethylsilylacetylene (568 mg, 5.2 mmol) the mixture was refluxed under an 
argon atmosphere and in the dark for 18 h.. After cooling to r.t. the solvents 
were removed and the product was purified by column chromatography 
(EtOAc/pentane, 5/3, R/ = 0.69). The product was obtained as a white solid. 
Yield: 500 mg (60 %); 1H NMR (CDCl3, 200 MHz): 5=0.19 (s, 9H), 4.03 (m, 8H), 5.77 (s, 2H), 7.50 (s, 2H). 
13C{1H}NMR (CDCl3, 75 MHz): 5 = -0.75, 65.1, 99.7, 101.7, 102.8, 122.5, 132.3, 156.7. HRMS (ESI) m/z
calculated for C ^ H ^m ^i (M+H)+: 320.1318, found: 320.1307.
2,6-Di(1,3-dioxolan-2-yl)-4-ethynylpyridine (13)
To a solution of 490 mg 12 (1.54 mmol) in 10 ml CH2Cl2 and 20 ml MeOH 
was added 370 mg K2CO3 (2.7 mmol). After stirring for 90 min. at r.t., 30 ml 
water was added. The product was extracted with 3 x 40 ml CH2Cl2. The 
volume of the organic layer was reduced to 80 ml and washed successively 
with 50 ml water and 50 ml brine. The organic layer was dried over Na2SO4. 
The solvent was removed and the product was obtained as a 
white solid. Yield: 350 mg (92 %); 1H NMR (CDCl3, 200 MHz): 5 = 3.30 (s, 1H), 4.06 (m, 8H), 5.81 (s, 2H), 
7.56 (s, 2H). 13C{1H} NMR (CDCl3, 75 MHz): 5 = 65.1, 80.5, 81.7, 102.7, 122.7, 131.4, 156.7. HRMS (ESI) m/z 
calculated for C13H14NO4 (M+H)+: 248.0899, found: 248.0897.
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1,2-Bis(2,6-di(1,3-dioxolan-2-yl)pyridin-4-yl)ethyne (14)
A mixture of 352 mg 13 (1.01 mmol), 60 mg Pd(PPh3)2Cl2 (0.09 mmol) and 
32 mg CuI (0.17) in 12 ml dry THF and 15 ml dry Et3N was argon flushed for
10 min. A solution of 250 mg 11 (1.01 mmol) in 13 ml dry THF was added 
and the mixture was refluxed under an argon atmosphere and in the dark for 
48 h.. After cooling to r.t. the solvents were removed. The product was 
purified by column chromatography (CH2Cl2 / 3% MeOH, R/ = 0.44). Yield: 
280 mg (59 %); 'H NMR (CDCl3, 200 MHz): 5 = 4.10 (m, 16H), 5.86 (s, 4H), 
7.64 (s, 4H). 13C {1H} NMR (CDCl3, 75 MHz): 5 = 65.2, 90.4, 102.7, 122.3,
131.2, 157.0. HRMS (ESI) m/z calculated for C24H25N2O8 (M+H)+: 469.1611, 
found: 469.1599.
4-Chloro-2,6-bis(1-hydroxyethyl)pyridine (28)
This compound was prepared according to a modified literature procedure. [16] To a 
solution of 2.0 g 7 (11.8 mmol) in 120 ml dry THF under an argon atmosphere was 
added 30 ml MeMgBr (1M solution in THF). After stirring the solution for 72 h. under 
an argon atmosphere the reaction was quenched by the addition of 20 ml water. The
OH OH
THF was removed and the product was extracted with 3 x 60 ml CHCl3. The 
organic layer was dried over Na2SO4. The solvent was removed to obtain the product as a deep-yellow oil. The 
product was not further purified. Yield: 1.8 g (76%); :H NMR (CDCl3, 200 MHz): 5 = 1.38 (d, 6H, 3J = 6.6 Hz), 
4.16 (br. s, 2H), 4.75 (q, 2H, 3J = 6.6 Hz), 7.15 (s, 2H); 13C{1H} NMR (CDCl3, 75 MHz): 5 = 23.4, 68.7, 118.2,
145.2, 163.6., HRMS (ESI) m/z calculated for C9H13ClNO2 (M+H)+: 202.06301, found: 202.06348.
Cl
4-Chloro-2,6-diacetylpyridine (23)
This compound was prepared according to a modified literature procedure.[27] To a 
solution of 450 mg 28 (2.24 mmol) in 50 ml CH2Cl2 at 0°C was added 1.2 g PCC (4.5 
mmol). After stirring at r.t. for 21h., the solvent was removed. The product was 
purified by column chromatography (CH2Cl2 / 5% MeOH, R/ = 0.89). Yield: 100 mg 
(23%); 1H NMR (CDCl3, 200 MHz): 5 = 2.73 (s, 6H), 8.13 (s, 2H). 
3C{1H} NMR (CDCl3, 75 MHz): 5 = 25.6, 124.9, 146.9, 153.9, 198.1. FTIR (KBr) v = 1705 cm-1 (C=O). The 1H
NMR, C NMR and IR data corresponded well with the spectra of the commercially obtained compound.
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4-(Trimethylsilyl)ethynyl)-2,6-diacetylpyridine (31)
The reagents and conditions were taken from a literature procedure describing the 
successful coupling between aryl chlorides and terminal alkynes.[23] In a pressure 
resistant schlenk tube 300 mg 23 (1.5 mmol), 4 mg PdCl2(CH3CN)2 (0.015 mmol), 149 
mg Cs2CO3 (0.46 mmol) and 22 mg X-Phos (0.05 mmol) were placed under an argon 
atmosphere. After the addition of 5 ml dry acetonitrile the mixture was stirred at r.t. for 
15 min. To this mixture was added 0.4 ml trimethylsilylacetylene (276 mg, 2.8 mmol) 
o  o  and the mixture was heated at 90°C for 18h. under an argon
atmosphere. After cooling to r.t. 15 ml of water was added and the 
product was extracted with 4 x 20 ml Et2O. The organic layers were combined and dried over MgSO4. The 
solvent was removed to yield 309 mg of a brown solid. The product was a mixture of 23 and 31, which gave 
almost the same chemical shifts in the :H NMR spectrum and could not be separated by column chromatography. 
'H NMR (CDCl3, 200 MHz): 5 = 0.24 (s, 9H), 2.75 (s, 6H), 8.14 (s, 2H); 13C{'H } NMR (CDCl3, 75 MHz): 5 = -
0.5, 25.5, 100.7, 102.5, 124.9, 126.6, 153.8, 198.7. HRMS (ESI) m/z calculated for C14H18NO2Si (M+H)+: 
260.11068, found: 260.1094.
OH 4-(3-Hydroxy-3-methylbut-1-yn-1-yl)-2,6-diacetylpyridine (32)
The reagents and conditions were taken from a literature procedure describing the 
successful coupling between aryl chlorides and terminal alkynes.[23] A suspension of 
750 mg 23 (3.8 mmol), 7 mg PdCl2 (0.39 mmol), 573 mg Cs2CO3 (1.76 mmol), 55 mg 
X-Phos (0.11 mmol) and 1.2 ml 2-methyl-3-butyn-2-ol (7.6 mmol) was argon flushed 
for 10 min. After refluxing the mixture for 16 h. under an argon atmosphere, the 
solvents were removed. The product was purified by column chromatography (CH2Cl2 
/ 3% MeOH, R/ = 0.34). The product was obtained as a brown oil. Yield: 880 mg (94 
%); 1H NMR (CDCl3, 200 MHz): 5 = 1.52 (s, 6H), 2.62 (s, 6H), 4.01 (br. s, 2H), 7.91 (s, 2H). ); 13C {1H} NMR 
(CDCl3, 50 MHz): 5 = 25.6, 65.3, 70.1, 98.0, 101.6, 126.4, 133.7, 152.7, 199.0.; HRMS (ESI) m/z calculated for 
C14H16NO3 (M+H)+: 246.11202, found: 246.11302.
4-Ethynyl-2,6-diacetylpyridine (33)
A suspension of 440 mg 32 (1.80 mmol) and 144 mg powdered NaOH (3.6 mmol) in 
toluene was refluxed for 20 h.. After cooling to r.t. the suspension was filtered and the 
solvent was removed. The product was purified by column chromatography (CH2Cl2 / 
3% MeOH, R/ = 0.96). The product was obtained as yellow solid. Yield: 105 mg (31 
%); 1H NMR (CDCl3, 200 MHz): 5 = 2.77 (s, 6H), 3.43 (s, 2H), 8.22 (s, 2H); 
13C{1H} NMR (CDCl3, 75 MHz): 5 = 25.5, 79.9, 83.8, 126.9, 132.7, 152.8, 198.6. FTIR (KBr) v = 1702 cm-1 
(C=O), 2118 cm-1 (C^C), 3275 cm-1 (C^C-H).
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1,r,1",r"-(4,4'-(ethyne-1,2-diyl)bis(pyridine-6,4,2-triyl))-tetra-ethanone (34)
The reagents and conditions were taken from a literature procedure describing the 
successful coupling between aryl chlorides and terminal alkynes.[23] A mixture of 65 
mg 23 (0.33 mmol), 60 mg 33 (0.32 mmol), 1 mg PdCl2 (5.6 ^mol), 50 mg Cs2CO3 
(0.15 mmol) and 5 mg X-Phos (0.01 mmol) were dissolved in 4 mL MeCN and the 
mixture was stirred for 10 min at r.t. under an argon atmosphere. After heating at 9 0°C 
for 20 hours under an argon atmosphere the reaction was allowed to cool to r.t.. The 
the solvents were removed and the product was purified by column chromatography 
(CH2Cl2 / 5% MeOH, R/ = 0.70). The product was obtained as a brown solid. Yield: 85 
mg (74 %). :H NMR (CDCl3, 200 MHz): 5 = 2.81 (s, 12H), 8.30 (s, 4H); 13C{'H } 
5 = 25.6, 90.7, 126.6, 132.2, 152.9, 198.5. FTIR (KBr) v = 1701 cm-1 (C=O).
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CHAPTER 6
Crystal Engineering of Coordination Polymers; 
Design Strategies, Synthetic Methods and Systematic 
Studies
Abstract
“ C rystal engineering is an in terdisciplinary area o f  research that cuts horizontally across  
traditional subdivisions o f  chem istry, e.g . organic, inorganic, organom etallic, m aterials  
chem istry a n d  biochem istry. The spectacular grow th  in the chem istry a n d  properties  o f  
com plex supram olecular system s has fu e lle d  fu rth e r  in terest in controlling  a n d  exploiting  the 
aggregation o f  m olecules in crystals. ” [1]
Coordination polymers are known for many years, but recently this research area gained more 
interest and has been expanding rapidly ever since. Whether people focus on creating 
functional materials or just look at the beautiful topologies that can be generated, the main 
problem in the synthesis remains the lack of control and understanding of the reaction 
conditions and intermolecular interactions that determine the final structures. This chapter 
gives an overview of the developments in this field with an emphasis on the variety of 
topologies that can be created by employing different reaction conditions and techniques.
CHAPTER 6
6.1 Introduction
The complicated and beautiful structures in nature are often formed by the self-assembly of 
different subunits. The non-covalent interactions between these subunits offer a high degree 
of flexibility, needed to perform the complicated processes o f life. Scientists have been 
inspired by these fascinated structures for many years and try to mimic them in the laboratory. 
Their goal is not only to create similar structures, but also to understand and recognize the 
molecular patterns that lead to the formation of these supramolecular molecules. They are 
then able to use this knowledge of supramolecular synthons (Figure  1) a  p r io r i in the design 
of new materials with dedicated physical and chemical properties.[2]
This “ chemistry beyond the molecule” has evolved into a research field called supramolecular 
chemistry,[3] in which this dynamical self-assembly process is studied. When this self­
assembly is uniform and regular in three dimensions, a solid crystalline material can be 
formed, which can be considered to be a “ supermolecule par excellence” .[4] As the same type 
of intermolecular interactions is employed in solid state as in solution, crysta l engineering  can 
be considered to be supramolecular solid state chemistry, with the aim of using the knowledge 
of intermolecular interactions in the design of (functional) crystalline materials.
Guanine Cytosine Thym ine Adenine
Figure 1 Hydrogen bonding between the nucleobases that form the helical structure in DNA. In the red box the 
supramolecular synthons are highlighted.
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6.1.1 P h o tochem ica l D im eriza tion
Although the term crystal engineering was already introduced by Pepinsky in 1955[5], the 
commencement of crystal engineering is most of the times contributed to Schmidt. In a series 
of papers he discussed the photochemical dimerization of cinnamic acid and its derivatives in 
the solid state (Schem e 1).[6] Cinnamic acid can be crystallized in three different forms (called 
polymorphs); a, P and y. In both the a and P polymorph the intermolecular distance between 
the double bond ranges between 3.6 - 4.1 Â. When crystals of these forms are irradiated with 
light, a reaction between the double bond of two molecules occurs, leading to a compound 
with a four-membered ring. In the y polymorph, however, the larger intermolecular distance 
between the double bonds (4.7 - 5.1 Â ) prevents this reaction from occurring.
HOOC
\
HOOC
\ 
-  P 
\
hv
Solid state
P\ ]\P
\
COOH COOH
Scheme 1 Photochemical dimerization o f trans-cinnamic acid in the solid state.
Even 50 years later this photochemical reaction is still studied and expanded with new 
examples.[7] A  beautiful example of a 3D ^  3D topochemical structural transformation was 
recently published by Vittal et a l..[8] H is group synthesized three 3D Metal-Organic 
Frameworks (M O Fs); [Zn(1)(2)] • D M F • H 2O (5), [Zn(1)(3)] • D M F (6 ) and [Zn(1)(4)] • 
H 2O (7) (C hart 1). Each M O F consists of {Zn 2(p ,-L)(L)}n (L  = 2, 3 or 4 for respectively M O F 
5, 6 and 7) layers pillared by 1. The C=C bonds in 5-7 are aligned parallel and separated by 
respectively 3.79, 3.77 and 3.99 Â, which is less than the maximum separation value of 
~4.2 Â  determined by Schmidt. When irradiated, the double bonds react in a [2+2] 
cycloaddition accompanied by a single-crystal to single-crystal transformation.
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X
1, bpe
H O ^ O
X
X
2, H2muco
X ^ OH
A
H O ^ O
3, H 2bdc
H O ^ O
X
O ^ U H
4, H2fum
Chart 1 Chemical structures o f the linker ligands used for MOF 5-7.
6.1.2 C urren t R esearch  in  the  F ie ld  o f  C rystal E n g in eerin g
Throughout the years crystal engineering has expanded as a research field comprising many 
different disciplines, and necessarily the definition progressed along. Currently, the definition 
most used is the one given by Desiraju, who defined crystal engineering as the “ understanding 
of intermolecular interactions in the context of crystal packing and the utilization of such 
understanding in the design of new solids with the desired physical and chemical 
properties” .[9]
For many years the focus of crystal engineering was on hydrogen bonding within organic 
crystalline compounds. The CSD  was used to systematically analyze crystal structures for 
patterns (supramolecular synthons) amongst hydrogen bond interactions. These supra- 
molecular synthons have been defined as “ structural units within supermolecules which can 
be formed and/or assembled by known or conceivable intermolecular interactions” .[10] The 
work of Etter[11], Desiraju[12], Bernstein[13], Lehn[14] and Wuest[15] created tools for 
understanding the intermolecular hydrogen bonding motifs, which has been applied e.g. in the 
fields of N LO [16], dyes and pigments[17] and pharmaceuticals[18]. The last field has especially 
gained some new inspiration in the past years by applying the hydrogen-bond motifs in the 
co-crystallization of A P Is (Active Pharmaceutical Ingredients).[19]
Combining the fields of inorganic chemistry and supramolecular solid state chemistry in an 
effort to design supramolecular assemblies can create new materials with potentially
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interesting magnetic, electronic and catalytic properties (referenties invoegen). This has been 
pioneered by e.g. Brammer et a/.[20], Rivas et a/.[21], Aakeroy et a/.[22] and Wuest et a/[23], 
Braga and Grepioni[24], and Goldberg.[25] The field of crystal engineering with hydrogen 
bonds is much larger than the few examples given above and the reader is referred to several 
reviews for more examples. 2^6, 27]
6.1.3 A im  o f  th is C hapter
A  major development in the field of crystal engineering took place about two decades ago, 
when the potential o f networks constructed from exclusively coordination bonds 
(coordination polymers) as functional materials was recognized. Yet a literature search tells us 
that the term coordination polymer can be dated back to before the 1950s. But perhaps the 
oldest coordination polymer* is Prussian Blue, which was first synthesized around 1704. Ideas 
about its crystal structure were obtained only 40 years ago when single crystals could be 
grown.[28] During the sixties, seventies and eighties occasionally articles appeared about 
polymeric structures based on coordination bonds, for example with the croconate anion 
(12)[29] or Schiff base ligands[30] (e.g. 13[31]) (C hart 2), but these polymers never received a 
great deal of attention. This can probably be contributed to the lack of structural knowledge of 
these polymers, since crystals were in most cases not obtained. However, this changed with 
the re-examination of the structures of Zn (CN )2 and Cd(CN ) 2 by single-crystal diffraction 
techniques.[32] Further, it was shown that structures with similar topology could be 
deliberately prepared by the proper choice of metal and ligand.[33] This not only led to the 
design and synthesis of new ligands, but also to the re-examination of previously used 
ligands, like for instance 1 2 .[34]
Furthermore, it was recognized that these coordination polymers or Metal-Organic 
Frameworks (M O Fs) have given promising results for a variety of applications, e.g. gas 
storage, catalysis, conductivity, luminescence, magnetism, spin-transition behavior and non­
linear optics (N LO ).[35, 36] The challenge in this field is the rational design of networks with 
optionally a desired functionality. In order to design these polymers we need to have a 
detailed understanding of the role that the components (e.g. anion, metal-to-ligand ratio and 
solvent) or the reaction conditions (e.g. temperature, pH and reaction time) play in the
* Technically speaking this would be an inorganic polymer (Section 1.4).
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formation of different topologies. The overwhelming amount o f literature and the excellent
reviews [27, 37, 38, 39] written on the subject of coordination polymers makes it very difficult to
give a complete survey. Instead, a selection of examples is used to illustrate some important 
concepts regarding the design and synthesis of coordination polymers.
12 13
Chart 2 Chemical structures o f the croconate anion (12) and a Schiffbase ligand (13).
2
6.2 Terminology
The current§ definition of coordination polymers given by W ikipedia is that they “ are 
inorganic structures containing metal cation centers linked by ligands, extending in an 
array” [41] This term covers three types of materials depending on the type of bridging ligand 
(Schem e 2). The bridging ligands in inorganic polymers are, as the name already suggests, 
purely inorganic, e.g. CN", Cl", O2" and OH".[42] The term Metal-Organic Coordination 
Network (M O C N ) is reserved for polymers which contain only organic bridging ligands, 
which are ligands with at least one carbon atom between the donor atoms.[35] The last 
category of coordination polymers are the Hybrid Inorganic-Organic Polymers (H IO P). These 
materials consist of both inorganic as well as organic linker ligands.[43]
The separation of M OCNs in non-porous and porous materials is also applicable for inorganic 
polymers and H IO Ps, but in this chapter this is only done for the M OCNs. Almost all first
§ A previous definition from Wikipedia was cited by Biradha.[40]
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reported materials can be assigned to as being of the 1 st generation coordination polymers, 
because most of them behave according to the principle of “ recoverable collapsing” .[44, 45] 
This means that the structure is not stable upon removal of the guest molecules within the 
pores, but that the network is regenerated in the presence of the guest molecules (crystal-to- 
amorphous transition).[46] A  certain part of the porous M OCNs (sometimes called Porous 
Coordination Polymer (PC P )) can be assigned to as Metal-Organic Frameworks (M O Fs). The 
difference between M OCNs and M O Fs has recently been explained by Yaghi.[47] His 
definition of a M OCN, or more generally a coordination polymer, is that these materials are 
1D, 2D or 3D networks with a single metal atom as node and (often) a zero formal bond 
valence. On the other hand he defines M O Fs as 1D, 2D or 3D networks with a polyatomic 
group as a node and an overall neutral charge of the framework. Furthermore, M O Fs are 
generally speaking thermally stable and have a robust (but not necessarily rigid) framework, 
which leads to permanent porosity.
Coordination Polymers
Inorganic Polymer MOCN HIOP
Non-Porous Porous (PCP) ^
( 1 st generation)
MOF
Rigid
(2 nd generation)
Flexible
(3rd generation)
Several Subtypes
Scheme 2 A possible classification o f crystalline networks.
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Research into new PCPs and M O Fs has led to the development of 2nd and 3rd generation 
networks. The 2nd generation networks have a robust framework, which w ill be retained
rdduring the evacuation of the pores (e.g. MOF-5). The 3 generation networks go even a step 
further; when the pores are evacuated, the framework changes without loss of crystallinity 
(crystal-to-crystal transformation) (e.g. MIL-53 and M IL 8 8 ).[48] Hence, they show flexibility, 
which can be expressed in several different ways.[45] This flexibility is considered to be an 
advantage compared with the robust M OFs, because the network can give a response to the 
change in guest molecules.
In summary, the broad field of coordination polymers can be divided into several distinct 
kinds of materials depending on the type of ligands used and/or the behaviour of the porous 
system. To keep the terminology somewhat simple, throughout this and the next chapters only 
the terms coordination polymer (C P ) and (where appropriate) Metal-Organic Framework 
(M O F) w ill be used.
6.3 Design Strategies
6.3.1 N ode-and-Spacer A pproach
The topology of networks formed by inorganic compounds was thoroughly described in a 
series of papers by A. F. W ells in the early fifties.[49, 50] He classified these inorganic 
compounds on a node-and-spacer methodology, in which the nodes are represented by the 
metal atoms and the spacer by the molecules that connect these nodes. About 40 years later, 
this node-and-spacer approach was adapted by Robson to the design of coordination 
polymers.[51, 52] He stated that “ if  we can generate molecular building blocks with a 
functionality and stereochemistry appropriate to a particular one of the target nets, then 
merely allowing these pre-organised components to react together under the correct 
conditions may lead to the spontaneous assembly of the intended network“ .[53] This concept is 
illustrated in 2D (Schem e 3) for a metal atom with a trigonal geometry (T-shaped). The self­
assembly of this metal atom with a linear ditopic ligand can give rise to different topologies 
(supramolecular isomerism, Section 6.4) depending on the employed reaction conditions. 
Nevertheless, Robson showed that deliberately crystallizing a diamondiod-like network was
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possible by reacting the proper metal and linker ligand with each other.[33, 51] This example 
was a starting point for the preparation of numerous networks based on multitopic cyano- 
ligands[54, 55] and mainly nitrogen donor ligands[39, 56].
■M— M — M — M — M-
I I I
-M — M — M — M — M-
! M
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M /
Zig-Zag M otif
/  /  /
M \ / M
M .  /
M
s
/
Scheme 3 Node-and-spacer approach for the self-assembly o f a T-shaped metal atom and a ditopic linear 
ligand.
+
6.3.2 R e ticu la r  Syn thesis
The plethora of new zeolite-like coordination polymers made people realize that these 
materials could lead to great and diverse applications. The 1st generation polymers had 
however a major disadvantage; upon removal of the guest molecules in the pores the structure 
collapsed. This problem was addressed by O. M . Yaghi by proposing a m olecular building
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block  methodology that would reinforce the nodes of the networks and thus the overall 
stability of the network.[57] It was successfully applied by diffusion of E t3N  in a solution of 
Zn(NO 3)2 and H 2BD C  (BD C  = 1,4-benzenedicarboxylate) in a mixture of D M F and 
chlorobenzene. Analysis of the colourless cubic shaped crystals showed a 3D-framework with 
the formula [Zn4O (BD C ) 3 • (D M F ) 8 • (C 6H 5C l)] (from here on referred to as MOF-5) 
(Figure 2).
Figure 2 Perspective view o f MOF-5 showing the channels (CSD refcode: SAHYIK) . Zn, green; C, grey; O, 
red; covalent or coordination bond, bronze. Hydrogen atoms have been omitted for clarity.
** There are multiple crystal structures of MOF-5 present in the CSD v5.30 (refcodes: EDUSIF, HIFTOGOl and
02, SAHYIK, SAHYOQ and SAHYOQOl t/m 05). These structures have either cavities filled with solvent or 
have evacuated pores. The determined structures with adsorbed gas molecules are not mentioned.
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The nodes of MOF-5 consist of tetrahedral Zn atoms connected to a central oxygen atom and 
capped by carboxylate groups, forming an SB U  (Secondary Building Unit) with an overall 
octahedral geometry (Figure 3a).[58] These SBU s are connected through the BD C  linker 
ligands, creating a cubic network. B y  exchanging the guest solvent molecules with 
chloroform, it was possible to evacuate the solvent from the pores by heating the material for 
24 h. at 300 °C , without any significant loss of morphology or crystallinity. The obtained 
porous material was capable of adsorbing gases, highlighting a promising future for this class 
of material.[59] In a subsequent paper they optimized the yield of MOF-5 by performing the 
reaction under solvothermal conditions (Section  6.5.2).[60] Furthermore, they showed that this 
strategy could be used for a variety of dicarboxylate ligands, creating several M O Fs with the 
same topology as MOF-5 (IRM O Fs = Isoreticular Metal-Organic Frameworks).[60]
The use of SBU s in the formation of M O Fs is an important aspect of reticular chemistry, 
which has been defined by Yaghi as the implementation of “ the process of assembling 
judiciously designed rigid molecular building blocks into predetermined ordered structures 
(networks), which are held together by strong bonding” .[57] The definition given by Yaghi 
almost implies that (judiciously) chosen SBU s always lead to the pre-envisaged network, 
independent of the reaction conditions. Unfortunately, this is not the case.
Figure 3 Two secondary building units. a) Zn4O octahedron as found in MOF-5, b) paddlewheel as found 
in HKUST-1. Metal, green; C, grey; O, red; covalent or coordination bond, bronze.
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The octahedral S B U  of MOF-5 and its IRM O Fs is very robust and can be synthesized under 
diverse conditions[61, 62], although other types of SBU s and networks can be formed with these 
building blocks.[63] But even nowadays the structure is still under investigation to explain the 
differences in powder patterns and the Langmuir specific surface areas (ranging from 700­
3840 m2/g).[58, 62, 64] Explanations for this discrepancy are reported by several groups, varying 
from the presence of Zn(O H )2 or ZnO impurities[65, 66] to double interpenetration[65] or perhaps 
even different pore morphologies[67]. A ll these differences are however attributed to the role 
of water during synthesis or handling of the isolated material.[68] Nevertheless, the hydrogen 
storage capacities were recognized by B A S F  and they have started the industrial production of 
MOF-5 along with other M O Fs.[69]
One of these other M O Fs produced by B A S F  is HKUST-1, which has the structural formula 
[Cu3(B T C )2(H 2O )3]n (BT C  = 1,3,5-benzenetricarboxylate).[70] The SBU s in this framework 
are of the paddlewheel type (Figure 3b), which is a structure found for dimeric copper, 
chromium and rhodium carboxylate complexes.[50, 71] This paddlewheel S B U  consist of two 
copper atoms bound by four carboxylate ligands in a square. The two axial coordination sites 
are free for solvent molecules, in this case water. When linear carboxylate ligands are used, 
the square planar arrangement leads to 2D sheets, which can be pillared by nitrogen donor 
ligands. This has been demonstrated by amongst others K im [72], Hupp[73], Choe[74] and 
Chen[75]. O f course, there are many more SBU s to be found amongst coordination networks, 
and these can be found in review articles on metal-organic polyhedra.[37, 47, 76]
6.4 Topological Diversity; A Challenge in Design
6.4.1 Iso m erism
Molecular Crystals
Polymorphism has been defined by McCrone as “ the ability of a given compound to 
crystallize in at least two different arrangements of the molecule of that compound in the solid 
state. The orientation of these molecules in the solid state is directed by intermolecular forces, 
e.g. hydrogen bonding” (Figure 4).[77] Often the molecules do not pack in ideal fashion and 
voids are created. Since nature dislikes open space, solvent is often included in the packing of
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the molecules.^ These crystalline forms are often called pseudo-polymorphs, but the use of 
this term is debatable.[78] Furthermore, the solvent molecules can be incorporated in different 
ways, leading to what one would perhaps describe as “ polymorphs of pseudopolymorphs” . 
Other terms that are coming much more in use are hydrate and solvate, when respectively 
water or an organic solvent is incorporated into the crystal structure.
Polymorph 1 
□  □  □  □  
□  □  □  □  
□  □  □  □
Polymorph 2 
□  □  □  □  
□  □  □  □  
□  □  □  □
Solvate/Hydrate 
(Polymorph 1)
I I I I I I I I 
A A A  
I— I I — I I — I I — I 
— A — A — A —  
□  □  □  □
Solvate/Hydrate 
(Polymorph 2)
A n n  a
A n n  a
A n n  a
A
A
Another 
Solvate/Hydrate 
□  □  □  □  o o o □  □  □  □  o o o □  □  □  □
Figure 4 Terminology for different crystalline forms o f a molecular compound with or without the presence o f 
solvent molecules in the crystal structure.
The importance of polymorphism in the pharmaceutical and colorants industry stems from the 
different physico-chemical properties associated with each of these crystalline phases. In the
Large molecules and macrocycles can also form catenane or rotaxane structures to avoid these open spaces.
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pharmaceutical industry one has to think of e.g. the changes in stability, solubility and 
bioavailability. In the colorant industry a whole range of different properties are important, for 
instance tinctorial strength, but also solvent-, light- and weatherfastness. Sim ilar physico­
chemical differences could be observed amongst diverse coordination polymers constructed 
from the same building blocks. The terminology for crystalline states of molecular 
compounds cannot, however, be readily adopted in the field of coordination polymers. 
Coordination Polymers
The term supram olecular isom erism  was introduced by Zaworotko, who defined it as the 
existence of more than one type of network superstructure for the same molecular building 
blocks.[79] Some people prefer the term topological isom erism , as it would reflect the 
differences in topology and connectivity between the metal and the linker better.[80] The term 
supramolecular isomerism was further catagorized into four classes.[81] Structural isom erism  
occurs when the building blocks (metal and linker) are the same, but give rise to different 
network topologies. This type of isomerism can for instance be observed for the compound 
[Cu(SCN )(dpt)]» (C hart 3), which forms (CuSCN )» single-stranded chains linked via 
bridging dpt ligands or a 1D (CuSCN )« strand decorated with mono-coordinated dpt 
ligands.[82]
1 , dpt 2 , bpe 3
O
4, mpe
■N N ^  
5 6  R 1 = N H2, R 2  = H
7 R j = R 2  = H
Chart S Chemical structures o f the linkers 1-?.
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The second class enumerated by Zaworotko is conform ational isom erism . The flexibility of 
the linker ligands, e.g. for the ligands 2[79] and 3[83] (Chart 3), can create diverse networks 
depending on the conformation of the ligand.
The catenane isom erism  class of supramolecular isomers consists of structures, which contain 
compounds with the same structural formula, but different levels of entanglement (Section  
6.4.1). This is nicely illustrated by the reaction of 4 (C hart 3) with C o (SC N )2.[84] The 2D grid 
layers form a doubly interpenetrated network when crystallized from a MeOH/CH3N O 2 
solvent mixture, whereas no interpenetration occurs when a MeOH/H2O solvent combination 
is used.
O ptical isom erism  is the last class defined by Zaworotko, which comprises compounds that 
crystallize in chiral (enantiomorphic) space group. For coordination polymers this can be even 
achieved by using achiral linker ligands. A  beautiful example is provided by Siemeling et al., 
where the rigid achiral ligand 5 (C hart 3) forms a helical coordination polymer with either 
ZnC l2 or H gBr2.[85] These polymers crystallize in the chiral space group C2 and show 
spontaneous chiral resolution. Another nice example induces chirality by conformational 
flexibility of the ligand.[86] Complexation of ligands 6 and 7 (C hart 3) prohibits the rotational 
freedom around the N-N bond and creates a chiral conformation of the resulting complex. The 
compounds [M n3(6 )2(N 3)6]n and {[M n 2(7)2(N 3)3][C lO 4] } n • nH2O crystallize as conglomerates 
in the space groups C2 and .P2i2i2i respectively, and also show this rare phenomenon of 
spontaneous chiral resolution.
Besides this, additional classification systems have been introduced to divide coordination 
polymers into subclasses, but these w ill not be discussed here.[87, 88]
6.4.1 N e tw o rk  E n ta n g lem en t
Designing large voids in coordination polymers is not just a matter of combining a metal with 
long linker ligands, because nature tends to minimize the open spaces in crystalline materials 
through efficient packing. This efficient packing can be achieved in three ways for 
coordination polymers.[89]
In an in terd ig ita ted  coordination polymer a protruding moiety of one of the strands or sheets 
fills the voids in another polymer as is illustrated in Figure 5a. The compound [Cu(8 )(py)3] •
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1/ H 2O (py = pyridine) is a 1D coordination polymer, in which the strands pack together via 
the coordinated pyridine groups forming edge-to-face C-H-- n interactions.[90]
a b
0  $ o  t 0  *
Figure 5 a) Interdigitation o f pyridine groups in [Cu(8)(py)3]  • 1% H2O; Cu, green; C, grey; O, red; N, blue; 
covalent or coordination bond, bronze; b) chemical structure o f 8.
8
a b ©
9
10
Figure 6 a) Intercalation o f 10 in between the layers o f [Co(9)2(H2O)]; Co, green; C, grey; O, red; N, blue; 
covalent or coordination bond, bronze; b) chemical structure o f 9 and 10.
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In in tercala ted  coordination polymers the voids or open spaces are filled with solvent or guest 
molecules. The compounds [M (9 )2(H 2O )]1 0  (M  = Co, N i) consist of 2D layers of 
[M (9 )2(H 2O)] with 10 as a guest molecule to fill the voids between the layers (Figure 6a ).[91] 
The phz guest molecules are hydrogen bonded to the coordinated H 2O molecules creating 
extra stability between the layers. (Other examples of intercalated and interdigitated polymers 
can be found in ref [8 8 ] and references therein.)
c
N
N
III
C
% N
11
0
N. N n = - 4c h 2^ = n
'  '1 0
13
12
Figure 7 a) Crystal structure o f a double interpenetrated coordination polymer; Cu, green; C, grey; N, blue; 
covalent or coordination bond, bronze; b) schematic representation o f the two entangled networks; c) 
chemical structures o f 11, 12 and 13.
Catenation  can be defined as “ the phenomenon of periodic entanglement of two or more 
independent albeit symmetry-related, identical frameworks with no covalent bonds between 
the individual frameworks” .[35] It can be further divided into interwoven and in terpenetrated
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structures. The difference between the two terms is the degree by which the networks are 
separated from one another. In interwoven networks the displacement between the networks is 
minimal, whereas in interpenetrated networks this displacement is maximal.[92] An example of 
an interpenetrated network is shown for the compound [Cu(11)(12)] (Figure 7a).[89] The 
structure consists of undulating (4,4) sheets caused by the distorted tetrahedral copper atoms. 
Two sheets are twinned into each other, which is schematically depicted in Figure 7b. This is 
an example of a two-fold interpenetrated net, but there are reports of higher orders of 
interpenetration; three-fold[93], five-fold[94] and eight-fold[95]. The current world-record is held 
by the compound [Ag(13)2]N O 3, which displays an impressive ten-fold interpenetration.[96] 
Although interpenetrated structures are very beautiful, for several years it was considered a 
major disadvantage for gas storage applications, because it would reduce the pore size 
significantly.[65, 72, 97] Studies into the positions of adsorbed hydrogen molecules in MOF-5 
showed that there are two distinct binding sites.[98] The first is near the Zn-SBU, the second 
binding site is close to the aromatic linker ligand. Therefore, at low hydrogen pressures, a 
major part of the pore is not filled with hydrogen molecules. And this is confirmed by recent 
research, which showed that under certain conditions interpenetration for MOF-5 and its 
IRM O Fs is beneficial for hydrogen uptake, because the hydrogen molecules are stabilized 
between the two frameworks.[99] Furthermore, even maximally interpenetrated coordination 
polymers can be highly porous.[100] Nevertheless, people are seeking for ways to get control 
over catenation in order to design low density materials.[60, 101]
6.5 Synthetic Methods
The most important characterization method for coordination polymers is single-crystal 
diffraction. Therefore, the most challenging step in this field is the growth of single crystals 
suitable for structure determination. There are several techniques, such as mechanochemical 
preparation[102], microwave and ultrasonic methods[103], ionothermal synthesis[104] and 
gels[105], which are currently being explored for the fast and reliable synthesis of coordination 
polymers. Currently, the two most commonly employed techniques are conventional 
crystallization and hydro-/solvothermal synthesis and this w ill be the subject of this
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paragraph.[88] Many parameters have an influence on the formation and topology of the 
resultant coordination polymer as w ill be shown in Section 6.6 and these are conveniently 
investigated by high-throughput hydrothermal synthesis. A  couple of examples are given at 
the end of this paragraph to illustrate the advantages of this relatively new method.
6.5.1 C onven tiona l C rystallization Techn iques
Conventional crystallization techniques are the methods commonly employed by chemists for 
the (re-)crystallization of molecular compounds. It relies either on increasing the 
concentration or reducing the solubility of a compound in a particular solvent and this can be 
achieved in several ways (crystallization from melt, vapour or in a gel is not considered in this 
section).
Antisolvent
Solution
A B
Figure 8 Multiple-solvent crystallization techniques. a) liquid-liquid diffusion, b) vapor-liquid diffusion.
The easiest method of crystallization is based on a single-solvent system. The compound of 
interest is dissolved in a certain amount of solvent until the point of saturation is reached. This 
is achieved by letting the solvent evaporate slowly or by lowering the temperature of the 
solution. In m ultiple-solvent system s the solubility of a molecular compound is lowered by 
adding a second (or third) solvent to the solution. One way of achieving this is by top-layering 
the solvent with an antisolvent (Figure 8a). In this method an antisolvent is placed on top of a
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solution containing the compound, sometimes with a buffer layer in between, so that the 
reactants can diffuse slowly. Ideally, these two solvents have to be miscible and the solution 
needs to have a higher density than the antisolvent. Another way is by vapour diffusion of the 
antisolvent in the solution (Figure 8b ). Again, the solvents need to be miscible and the vapour 
pressure of the antisolvent must be higher than that from the solution. O ff course, even third- 
or m ore-solvent system s can be used, but these w ill increase the complexity of the 
crystallization process. These techniques can also be applied for the preparation of 
coordination polymers, but the poor solubility of these compounds often leads to the 
precipitation of powder, hampering structure determination.
6.5.2 H ydro- a n d  S o lvo therm a l Syn th esis [ 1 0 6 , 1 0 7 7
Geochemists and mineralogists have been growing for more than a century large single 
crystals of natural and synthetic minerals and zeolites by a technique called hydrothermal 
synthesis. The term hydrothermal is composed from two Greek words; hydros (meaning 
water) and therm os (meaning heat). It was originally given to convecting hot water within the 
earth’s crust that e.g. is a source for geysers and hot springs. Nowadays, this principle has 
been adapted in the laboratory as an excellent crystallization method. The components of a 
chemical reaction are heated in a closed vessel (autoclave) in aqueous media generating 
autogeneous pressure (for organic media it is called solvothermal synthesis). These autoclaves 
come in different sizes and shapes, depending on whether they are for industrial purposes or 
for the laboratory. A  common autoclave in the laboratory is an acid digestion bomb, which 
consists of a reaction vessel (often made from Teflon) within a stainless steel jacket. The 
filling level of the autoclave and the applied temperature w ill determine the height of the 
generated autogeneous pressure, and the combination of these conditions w ill alter the solvent 
properties. A t higher temperatures and higher pressures, the dissociation constant of water 
into H 3O+ and OH- is increased, which is beneficial for the dissolution of the starting 
materials. Furthermore, the viscosity o f the reaction medium is reduced, which creates a 
higher diffusion speed of the reactants and a higher rate of crystal growth. A  third very 
important parameter is the dielectric constant, which is also dependent on both temperature 
and pressure. This parameter has an influence on the reactivities of the dissolved starting
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materials. The actual crystalllization happens when either a temperature gradient is applied or 
the autoclave is cooled slowly.
There are several advantages of hydrothermal synthesis for minerals and zeolites compared to 
conventional crystallization methods.[108] The technique allows for the stability o f rare 
oxidation states. The compound CrO2, once widely used for its magnetic properties, can be 
synthesized in the range of 300-500°C and 250-1200 bars.[109] Furthermore, this technique 
allows for the isolation of metastable phases, like for instance of GeO2 with the quartz 
structure[110] or y-MnS.[111] The last advantage is that low temperature phases can be prepared, 
like the y polymorph of CuI. This compound has a melting point of 605°C, however 
crystallization from the melt is not possible, because it transforms to the P form at a 
temperature of 390°C.[112] But under relatively mild hydrothermal conditions (at least below 
the transition temperature) it is possible to grow single crystals of the y form.
The technique of hydrothermal synthesis was also applied to coordination polymers in an 
effort to find suitable ways of obtaining single crystals. Nowadays it is one of the most 
important methods of crystallization in this field. Unfortunately, the major disadvantage of 
this technique is that it is considered to be black box chemistry (or crystallization). Starting 
components together with the reaction medium are placed inside the vessel, the box is closed 
and only days or weeks later the vessel is opened to see if  crystals have been formed. 
Furthermore, there are many parameters important in the synthesis, and, unfortunately, these 
are not always documented well, which makes it sometimes difficult to reproduce literature 
procedures.[113]
DMF
Zn(NO3)2 • 6H2O + HOOC-- 6 , / )-- COOH -------- ►  [Z ^ O ^ C ^  • n DMF]
\ ___ / /  100 °C, 24 h.
H2BDC
Scheme 4 Reaction scheme for the solvothermal synthesis o f MOF-5.
These reproducibility problems w ill be illustrated by two reactions based on personal 
experience. To test our purchased autoclaves and the experimental setup, we choose two
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model systems from literature. The first model system was the prototype Metal-Organic 
Framework; MOF-5. As aforementioned this is a very robust system, which can be prepared 
under a variety of conditions (Section 6.3.2). The reaction between Zn(NO 3)2 • 6H 2O and 
H 2BD C  in a 2 : 1 ratio yields nice cubic shaped crystals after 24h. (Schem e 4)}*  The 
crystalline product was analyzed with powder diffraction and, although the pattern was not 
examined in detail with respect to the differences mentioned in literature, it clearly indicated 
that the bulk of the material consisted of the desired materials.
Cu(NO 3 ) 2  • 3H2O + HOOC- \ -COOH + N. N
H 2 O
100 °C, 24 h.
-►  (C36H24Cu4N4OX6)n • 0 .5 n ^ O
H2fum 4,4'-bipy
Scheme 5 Reaction scheme for the second hydrothermal MOF synthesis.
The second model system was a procedure analogue to the one described by Chen (Schem e
5).[114] The reaction between Cu(NO 3)2 • 3H2O, fumaric acid (H 2fum) and 4,4’-bipyridine 
(4,4’-bipy) in 25 ml H 2O at 100°C for 24h. yielded blue-green cubic, heavily twinned crystals 
(Figure 9A a n d  B ). The crystals were analyzed by powder diffraction and compared to the 
simulated powder pattern of the structure reported by Chen (Figure 9c a n d  d). The peaks at 
6 .6  and 11.3 A  in our experimentally measured pattern do not find a match with peaks in the 
simulated pattern. Hence, our synthesized coordination polymer is not the one that we 
intended to prepare. A  search through the CSD  revealed that there is another coordination 
polymer known, which is prepared from the same building blocks.[115] Comparison of our 
experimental pattern with the simulated pattern of this structure does show a match, which 
can be seen at the correlation between all the peaks, and especially at the peaks at 6 .6  and 11.3
^ Experimental of MOF-5: A mixture of 1.8 g Zn(NO3)2 • 6H2O (6.1 mmol), 0.491 g H2bdc (3.0 mmol) in 20 ml 
anhydrous DMF was placed inside a Teflon lined autoclave (capacity of 45 ml) and heated at 100°C for 24 h.. 
After cooling down the mixture, the white cubic shaped crystals were isolated by filtration and washed with 
DMF. The material was characterized by powder diffraction.
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20 [°]
Figure 9 a) single crystals obtained from reaction, b) twinned crystal formed during reaction, c) 
experimental powder pattern o f this reaction, d) simulated powder pattern o f ODUPUY, e) simulated 
powder pattern of QDUPUY01.
A. The peaks at 12.2  and 12.7 A  in the experimental pattern are probably due to the presence 
of small amounts of the intended polymer. The analogy between the two simulated patterns 
suggests that these structures are closely related to one another and this is also suggested by 
the related CSD  refcodes of the structures. Analysis of both structures shows that they have 
the same connectivity; the copper atoms are connected to the deprotonated fumaric acid
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forming a paddlewheel SBU . These 2D layers are pillared by 4,4’-bipyridine molecules to 
form a 3D structure. Furthermore, both structures are doubly interpenetrated. However, the 
chemical formula of both compounds presents a subtle difference between the structures. 
The structure reported by Chen can be described as (C 36H 24Cu4N 4O16)n • nH2O (14), whereas 
the structure of Dalai can be formulated as (C 36H 24Cu4N 4O 16)n • 0.5nH2O (15). The difference 
between the structures resides in the level of hydration; monohydrate versus hemihydrate. This 
small difference in hydration level has a larger consequence for the space group in which the 
structures crystallize. Compound 14 crystallizes in the orthorhombic space group Pnna and 15 
crystallizes in the monoclinic space group C2/m, which causes the difference between the 
simulated powder patterns. The most important question is; what is the reason for this 
difference? One of the differences in the reaction conditions is the solvent. The monohydrate
14 is prepared in water, whereas the hemihydrate 15 is prepared in a water/methanol mixture. 
It is curious that our test reaction yields 15 in a more water-rich environment compared to the 
experimental conditions reported for this hemihydrate. The second parameter that is noticeably 
different between the two literature procedures is the temperature (100°C for 14 and 160°C for 
15). And as mentioned in the beginning of this section, increasing the temperature generates a 
higher autogeneous pressure, which induces changes in the properties of the solvent.[107] The 
pressure in the reaction vessel is not only dependent on the temperature, but also on the filling 
level of the autoclave. Unfortunately, the filling level of the autoclave is not mentioned in the 
hydrothermal synthesis of 15. A  higher filling level raises the pressure already significantly at 
lower temperatures. I f  we compare the filling level in the crystallization of 14 and our 
experiment, we notice that our filling level is much lower (respectively 83% and 56%). 
Although the reaction temperature in both experiments is the same, the difference in filling 
level creates a lower autogenenous pressure and thus a lower dielectric constant in our reaction 
system. The lower dielectric constant favours the presence of ion pairs and disfavours the 
formation of hydration shells around the ions.[107] Upon formation of the coordination 
network, there are less water molecules included into the network, because these are not in the 
area of the ions. This could be an explanation why we synthesized compound 15 while trying 
to reproduce the experiment for 14.
The above examples show that numerous parameters are important and need to be taken into 
account in performing desired crystallizations.
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6.6 Systematic Studies
Although the number of reported coordination polymers is overwhelming, most of the times 
the finding of these networks tend to appear serendipitously. True understanding, design and 
control of these networks can only be achieved when the parameters that influence the 
topology are systematically studied. The amount of literature on systematic studies is hence 
disappointing. 5^5, 116] A  close inspection of the reported systematic studies shows that these are 
not always true systematic studies, because multiple parameters are varied simultaneously or 
the spreading in the conditions is very limited.[117] The aim of this paragraph is to show that 
minor changes in reaction conditions can alter the topology of a reaction significantly. 
Thereby, it is attempted to only cite examples that can be considered to be true systematic 
investigations; that is only one parameter is changed while the others are kept constant.
HOs
N
O
'  K  /N N- 7
OH
16 17
Chart 4 Chemical structures o f 16 and 17.
6.6.1 M eta l-L ig a n d  R a tio
The hydrothermal synthesis of Prm-16 (C hart 4) system nicely demonstrates that the ratio 
between the metal and linker ligand can be reflected in the obtained network.[118] Three 
reactions under exactly the same conditions with different Pr/16 ratios were performed, 
yielding three different structures. When a ratio of Pr/16 of 3/6 is used a 1D coordination 
polymer with the formula {[Pr(16)(H-16)(H2O )2] • 4H2O }*  is obtained (C SD  refcode: 
A R U K IH 0 1 ).[119] Decreasing the amount of 16 to a Pr/16 ratio of 3/5 a 2D grid is formed with 
the structural formula {[P r3(16)4(H-16)(H2O )8] • 8H 2O }«  (C SD  refcode: F IP P IE ). Further 
decrease of the amount of ligand (ratio 3/4) creates a 3D coordination polymer with the
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structural formula {[P r2(16)3(H 2O )3] • H 2O }*  (C SD  refcode: F IP P E A ).
a)
b)
Figure 10 The reaction between 17 and AgOTf (OTf = trifluoromethanesulfonate) yields different compounds 
depending on the ratio o f the two components; a) ratio o f 3:1. The hydrogen atoms and anions are omitted for 
clarity; b) ratio o f 1:1. The hydrogen atoms are omitted for clarity. The O and F atoms o f the coordinated OTf 
anions are disordered. Ag, green; C, grey; O, red; N, blue; F, orange; S, yellow; covalent or coordination bond, 
bronze.
The ratio between the metal and ligand can sometimes prevent the formation of a coordination 
polymer, which is demonstrated by an example given by Klausmeyer et al. [120] Reacting 3 eq. 
of 2,2’-bipyridine (17) (C hart 4) with 2 eq. AgO Tf (O T f = trifluoromethanesulfonate) in 
M eCN  yields short oligomers (Figure 10a). The structure consists of four silver atoms 
connected via argentophilic interactions (Ag-Ag distance is 3.04A). These four silver atoms 
are bound by bridging 2,2’-bipyridine ligands and end-capped with O T f anions. I f  the metal-
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ligand ratio is 1:1 a 1D coordination polymer is formed, with again bridging 2,2’-bipyridine 
ligands. The argentophilic interactions in this polymer (Ag-Ag distances between 2.93 and 
3.09A) are not essential for the connectivity of the polymer. Although in this polymer the 
anion is also coordinated to the metal, it does not prevent propagation of the polymer in one 
dimension.
6.6.2 S o lven t
The reaction between 18 and Cd(NO 3)2 • 4H2O in D M F under solvothermal conditions yields 
a 3D framework (19), which crystallizes in the space group P 2 1/c.[121] The ligand 18 is 
completely deprotonated and the charge balance within the coordination polymer is completed 
by a hydrolysed D M F molecule (M e2N H 2+). The structural formula of 19 ([Cd(18)(M e2N H 2)]
• D M F) suggests that this cation is coordinated to the metal, but instead it is hydrogen bonded 
to the oxygen atoms of 18. A  view  along the a -axis of the crystal shows that there are channels 
of about 7 x 3 A  present (Schem e 6 ), which are occupied by D M F solvent molecules (not 
refined in the model) and the aforementioned M e2N H 2+ cations. When the solvent is changed 
to D EF, the hydrolysis does not occur, although this is a common reaction for this type of 
solvent.[122] However, the extent to which this hydrolysis reaction takes place is strongly 
dependent on the purity of the solvent, that is the amount of water present.[123] Single-crystal
diffraction of the crystals showed that it is a 3D network that crystallizes in the orthorhombic
2+
space group P n a 2 1. The three crystallographically independent Cd atoms are charged 
balanced by two completely deprotonated ligands. Furthermore, as can be seen from the 
structural formula [Cd3(18)2(D E F )2] • D EF  (20), two D EF  solvent molecules are coordinated 
to the metal, whereas a third solvent molecule is located inside the voids. According to the 
authors there are again channels of ~6.5 A  present in the structure when viewed along the a- 
axis (Scheme 5), however, these channels are only visible when the coordinated D EF  
molecules are removed from the structure. Also in i-PrOH a 3D coordination network is 
formed, with the structural formula [Cd15(18)(i-PrOH)] • 2(i-PrOH) (21). The ratio between 
metal and 18 in 21 is the same as in 20, but 21 crystallizes in the triclinic space group P 1 . The 
channels (~9 x 3A) are larger than in 2 0  and 2 1 , which is reflected in the amount of solvent 
molecules in the voids (Schem e 6 ). Unfortunately, T G A  and X-ray powder diffraction showed 
that the solvents cannot be removed from either of the structures without loss of the network,
217
CHAPTER 6
DMF
HOOCn XQQH
- A -
0^ N Q
co o h
18
+
Cd(NQ3)2 • 4H20
[Cd15(tci)(PrQH)] • 2Pr0H (21)
Scheme 6 The reaction o f 18 with Cd(NO3)2 • 4H2O in DMF, DEF and PrOH leads to three different 
structures. The CSD refcodes are respectively TOHYOF, TOHYUL and TOHZAS. Cd, green; C, grey; N, blue; 
O, red; covalent or coordination bond, bronze.
which shows how difficult it can be to create true porosity. One could argue that the flexibility 
of the ligand induces the collapse of the framework upon removal of the solvent. On the other
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hand, third generation coordination polymers (Section 6.2) could benefit from this flexibility, 
because the framework can adapt to the new situation when the solvent is removed. A t this 
moment it is not possible to a  priori predict the stability of coordination polymers after the 
evacuation of the pores.
Solvent can also have an effect on the dimensionality of the network or compounds, which is 
shown in the reaction of 22 with Zn(C lO 4)2 (Schem e 7).[124] The r.t. reaction in D M F, ethanol 
or acetonitrile yields a 0D complex. However, when D M SO  is used as a solvent a 1D 
coordination polymer is formed.
22, HL
Scheme 7Reagents and conditions a) EtOH or MeCN, r.t. to 160°C, 2 days; b) DMF, r.t., 2 days; c) DMSO, r.t. 
to 160°C, 2 days.
6.6.3 Tem perature
The previous example also shows that changing the reaction temperature can create networks 
with different dimensionality depending on the reaction temperature. If  the reaction 
temperature of the reaction between 22 and Zn(C lO 4)2 is increased from r.t. to 80°C, the 
dimensionality also increases from 0D to 1D (Schem e S ).[124] In this 1D coordination polymer 
the Zn atom is coordinated to the two nitrogen atoms and to one of the carboxylic oxygen 
atoms of 22. The distorted trigonal bipyrimidal geometry of the Zn atom is further completed 
by the monodentate coordination to an oxygen atom of another ligand and the monodentate 
coordination to a formate anion. The formate anion is formed by the hydrolysis of D M F, just 
as the M e2N H 2+ cation in the previous section. Strangely enough, when the temperature is 
further increased, the ligand 22 is no longer incorporated into the structure. The compound 
formed at 120°C is built solely from the hydrolysed D M F molecules. Each Zn atom is
a, b
^  { [Zn(L)(DMSO)] (ClO4) • H2O }n, 1D
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coordinated to three formate anions, creating a network with an overall negative charge, which 
is balanced by M e2N H 2+ cations. Increasing the temperature even further to 160°C yields a 
network build up only by formate anions coordinated to Zn.
The temperature of the reaction or crystallization is not only of importance with hydro- or 
solvotherm al synthesis. The com bination o f a sto ichiom etric amount o f 3-amino- 
methylpyridine (3-amp) and A g B F 4 in acetonitrile gives a clear solution, only when the 
solvent is removed a white powder is formed.[125] Recrystallization from a (dilute) M eCN  
solution top-layered with diethylether yields a 0D complex at -35°C (Figure 11A). In this 
structure four silver atoms are connected by the same amount of 3-amp ligands in a 
macrocyclic fashion. Two of the silver atoms have a linear geometry and are thus only bound
+ Zn(C104)2 d MF, 120 °C
DMF, r.t.
----- Zn(L)2 • 2 H O , 0D
DMF, 80 °C
--- ^  { [Zn(L)(HC00)] • 2 ^ 0 }»  1D
{[Zn(HC00)3]- • [HN(CH)d+}n, 3DJ3J LAA2 3^ 2J >n’
DMF, 160 °C
[Zn(H C00)Jff 3D
Scheme 8 The reaction between 33 and Zn(ClO4)2 in DMF yields 0D, 1D and 3D compounds depending on the 
reaction temperature.
to the 3-amp ligands. The other two silver atoms have a trigonal geometry, and are besides the 
two 3-amp ligands also bound to an acetonitrile molecule. When the temperature is increased 
to 5°C, a 1D coordination polymer is crystallized (Figure 11C). Also in this polymer 
acetonitrile molecules are coordinated to some of the silver atoms, creating again a mix of 
linear and trigonal coordinated metal atoms. When identical crystallization experiments are 
conducted with a precipitate formed from a 2:1 3-amp/metal ratio, totally different structures 
are obtained. A t the lowest temperature a 1D coordination polymer is formed (Figure 11D ), in 
which the silver atoms have a tetrahedral coordination geometry. Increasing the temperature to
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5°C  leads to the crystallization of a 2D coordination polymer, with also tetrahedral 
coordinated silver atoms (Figure 11B).
Figure 11 Coordination polymers formed with a 1:1 ratio between 3-amp and AgBF4 at A) -35°C and C) 
5°C. Coordination polymers formed with a 2:1 ratio between 3-amp and AgBF4 at B) 5°C and 
D) -35°C. Ag, green; C, grey; N, blue; covalent or coordination bond, bronze. Hydrogen atoms, except 
those o f the amine groups in B), have been omitted for clarity.
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The above described examples show an increase in network dimensionality, when the reaction 
temperature is elevated. This assumption is further supported by for instance the reaction 
between 23 and M g(N O 3)2 • 6H 2O under alkaline hydrothermal conditions (C hart 5).[126] A t a 
temperature of 160°C a 1D coordination polymer is formed, whereas if  a temperature of 
180°C is applied a 2D coordination network is obtained. Unfortunately, when the authors 
apply a second increasing step in the temperature, they also increase the concentration of 
metal-salt and pH, which makes the cause of the formation of this 3D network not solely 
contributed to the higher temperature.
H ide, 23
H
N
H
P IP ,24 25
Chart 5 Chemical structures o f the ligands 23-25.
An explanation for this phenomenon has to be searched in the dehydration process happening 
at higher temperature. This is illustrated by the building-up reaction sequence of a zinc-oxalate 
system.[127] Heating the 0D (H 2-24)3[Zn2(C 2O4)5] • 8H 2O (C hart 5) in the presence of 24 at 
100°C yields a 1D polymer with the structural formula (H 2-24)2[Zn2(C 2O4)4] • 3H2O. 
However, if  this reaction is performed at 160°C a pseudo-two-dimensional structure is formed 
with the formula (H 2-24)3[Zn4(C 2O4)7] • 4H2O. Whereas at 180°C a 3D network is crystallized 
with the formula (H2-24)[Zn2(C2O4)3]. These compounds show that the water content 
decreases as the dimensionality of the network increases. A  similar process is observed for the 
compounds [Mn(H2O)3(25)2] • H 2O (26), [Mn(H2O)(25)2] (27) and [(Mn(OH))2(25)2] (28), 
which are prepared at respectively 100, 160 and 200°C (C hart 5).[128] In this example the 
transformation of 26 into 27 can be achieved by heating 26 in the presence of water at 160°C. 
In the solid state this transformation does not occur, which makes the author suggest that the
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transformation goes via a solution-mediated route. The transformation to 28 is not just a 
dehydration process, because the H 2O molecules have to be deprotonated during the reaction. 
The conversion from 27 to 28 does not occur under any type of reaction conditions.
Table 1 Overview o f the compound prepared with 29.
HO
29 (H3pdc)
Compound pH D
[Ca(Hpdc)(H2O)4] • 2H2O (30) 2.5 3 1
[Ca(Hpdc)(H2O)4] • H2O (31) 2.5 4 1
[Ca(Hpdc)(H2O)] (32) 6.0 6 3
[Sr(H3pdc)(H2pdc)2(H2O)3]2 • 2H3pdc • 4H2O (33) 2.5 1, 2 0a
[Sr(Hpdc)(H2O)] (34) 4 7 3
[Ba(H2pdc)2(H2O)4] • 2H2O (35) 2.5 3 1
[Ba(Hpdc)(H2O)] (36) 5 7, 8 3
[Cd(Hpdc)(H2O)] (37) 4 6 3
[Cd3(pdc)2(H2O)2] (38) 6 7 3
[Ln2(Hpdc)3(H2O)4] • 2H2O, Ln = La (39), Ce (40), Eu (41) 2.5 4, 5 3
[Eu2(Hpdc)3(H2O)6] (42) 2.5 2, 4 2b
[Er2(Hpdc)3(H2O)6] (43) 5 2, 4 2b
[Lu(Hpdc)(H2pdc)(H2O)2] (44) 2.5 2, 3 2c
[Er(Hpdc)(H2pdc)(H2O)2] (45) 1 2, 3 2c
^ = ligand connectivity, D = dimensionality, a = dimer, b = bilayer, c = single 
layer.
6.6.4 p H
When ligands have abstractable protons, such as ligand 29, the pH of a reaction mixture can 
have a profound effect on the connectivity of these ligands to metal. The reaction between 29 
and a variety of metals (cadmium[129], lanthanides[130], calcium, strontium and barium[131])
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under hydrothermal conditions yields networks, which show an increase in connectivity a 
dimensionality if  the pH of the reaction mixture is more alkaline ( Table 1). Sim ilar 
observations have been made for the synthesis of other coordination polymers.[132] The 
compounds 30-32 and 34-36 are prepared from a chlorine metal salt as starting material. 
Compounds 37-45 are prepared from nitrate salts. The only true exception is compound 33, 
which is prepared from a perchlorate salt. This difference makes it very difficult to compare 
all these compounds with each other, because of two reasons. Firstly, as w ill be showed in 
Section 6.6.5, the anion can have an effect on the topology and dimensionality of a 
coordination network. Secondly, the anion of the starting metal salt can act as a base during 
the reactions, and therefore has an influence on the pH of the reaction mixture during the 
reaction. This second argument is illustrated by Table 2. The compounds 32, 34 and 36 can be 
prepared starting either from M C l2 • 6H 2O or M (O H )2 (M  = Ba, Sr or Ca). In the case of the 
chloride starting materials the pH of the reaction is adjusted by E t3N, which decreased during 
the reaction with 3-5 units. However, when a hydroxide salt is used, the starting pH is already 
much higher than with the chloride starting salt. Furthermore, the pH drops during the reaction 
between 6.5-8.5 units, which is much more than with the chloride salt. On the other hand, only 
these conditions have been reported and no screening of the entire pH range was undertaken. 
This could very well show that the compounds 32, 34 and 36 can be prepared under a broader 
range of conditions, instead of just at these pH values.
Table 2 Earth alkaline materials and the pH value o f the initial reaction 
mixture and the value after the reaction for two different metal sources.
Compound MCl2 •6H2O M(OH)2
pH initial pH after pH initial pH after
[Ca(Hpdc)(H2O)] (32) 9.0 6.0 11.5 5.0
[Sr(Hpdc)(H2O)] (34) 9.0 4.0 13.0a 5.0
[Ba(Hpdc)(H2O)] (36) 9.0 5.0 13.5b 5.0
The article mentions pH values o f a = 3.0 and b = 3.5, but this seems 
rather unlikely to me. However, no erratum can be found in literature.
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6.6.5 A n io n
The majority of the systematical studies have examined the effect of anions on the 
dimensionality and topology of coordination polymers. The most studied metal is silver, 
because of its flexible coordination geometry and luminescence.[133] However, a problem 
associated with silver is the inherent insolubility, which can be a lim iting factor in a 
systematic study.
Anions can be divided into two groups; either the anions are non- or weakly coordinating (e.g. 
B F 4- and P F 6-) or they are coordinating.[134] The weakly coordinating anions influence the 
topology of coordination polymers probably by their size, geometry and electrostatic 
interactions, whereas the coordinating anions can exhibit different (bridging) coordination 
modes to the metal. Some of these differences w ill be illustrated with a couple of examples.
A  suspension of the rigid nitrogen donor ligand 46 (C hart 6) in nitromethane reacts with a 
solution of [Cu(M eCN )4]X  (X  = B F 4-, P F 6- or SbF6-) in acetonitrile to form a orange-red 
solution.[135] Single crystals can be obtained by slow diffusion of benzene to this solution. 
W ith the large SbF6- anion the tetrahedral copper atoms coordinate to 46 to form a 1D 
coordination polymer. The voids between the strands of the polymer are filled with the anion 
and benzene molecules. The smaller B F 4- anion creates 2D sheets consisting of two tetrahedral 
and one strongly disordered octahedral coordinated copper atoms. The anions and solvent 
molecules are located between these sheets. I f  P F 6- is used as a charge-balancing anion, the 
copper atoms adopt an octahedral coordination geometry, albeit very disordered. The 
combination of the bidentate character of 46 and the geometry of the copper atoms leads to a 
chiral 3D framework. A  similar 3D silver network has been generated using C lO 4- as a 
anion.[136] Ideally one wants to synthesize 3D networks, because they are more likely to retain 
their framework upon removal of the guest molecules than 1D or 2D networks. For this 
system the difference in network topology is attributed to the size of the anion. SbF6- has a 
molecular volume of 71 A 3 and is considered to be too large for the formation of a 3D 
framework with this ligand.[137] Both P F 6- and C lO 4-, molecular volumes of respectively 54 
and 47 A 3, have the right size for this 3D networks. O f these two anions, the P F 6- anion is 
considered to be more suitable, because there is no space left for the incorporation of solvent 
molecules into the crystal lattice. The last anion, B F 4- with a molecular volume of 38 A 3, is too 
small for the 3D network, and the dimensionality is reduced to 2D. This observation could
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lead to an a  p rio r i prediction of the ideal choice of anion. I f  the size of the voids within such 
networks can be predicted, than the anion that fits within this void w ill be the most suitable 
candidate for an experimental attempt.
Ligand 47 (C hart 6) is flexible around the S-S bond and it can form optical antipodes (P- and 
M-form), which could induce chirality into the network.[138] When a methanolic solution of 47 
is combined with an aqueous solution of silver salts a white solid precipitates. Sim ilar as with 
the previous system, the P F 6- and C lO 4- anions give isostructural compounds. The difference 
in size between these anions is compensated for by a smaller unit cell volume (respectively 
2507 A 3 and 2348 A 3).
The weakly coordination anion OTs- (OTs- = p -toluenesulfonate) yields a 1D coordination 
polymer, which is extended in a second dimension via Ag-Ag interactions. The backbone of 
the polymer contains both the P- and M-form of the ligand resulting in an achiral molecule, 
which crystallizes in the centrosymmetric space group P 2 1/n. Also with N O 3- a 1D 
coordination polymer is formed, but now each strand only contains one form of the ligand and 
is thus chiral. In the crystal, strands of both forms are present, creating an overall achiral 
crystal. The Ag-Ag distance of 4.9 A  is considered to be too long to induce a significant 
interaction between these atoms. Also the Ag-O distance of 2 .8 6  A  between the N O 3- anion 
and the metal is considered to be too long for a coordinating interaction. On the other hand, 
when 48 (C hart 6) is reacted with AgNO 3 a 0D complex is formed with Ag-O distances of 2.9 
and 3.0 A, which are considered to have a weakly bidentate coordinating interaction with the 
Ag anions.[139] This interaction prevents, according to the authors, a higher dimensionality of 
the system. This is not observed for the reaction between AgNO 3 and 49 (C hart 6 ).[140] In the 
compound [Ag(49)(NO 3)(M eC N )]n the nitrate anion is again coordinated in a bidentate 
fashion with equal Ag-O distances of about 2 .6  A, which is a typical value for this type of 
coordination mode. It, however, does not prevent the system of forming a 1D coordination 
polymer, although this can probably be attributed to the more flexible ligand.
Besides silver, there have also been a number of systematic studies devoted to copper(II). Not 
because of its diversity in topologies due to a flexible coordination sphere, but because 
copper(II) has potentially interesting magnetic properties, which depends on the type of 
network. The reaction between either Cu(C lO 4)2 • 6H 2O or Cu(NO 3)2 • 3H2O with 50 (C hart
6) in MeCN/H2O yields 0D dinuclear macrocycles (respectively 51 and 52).[141] In macrocycle
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Chart 6 Chemical structures o f the ligands 46-50 and 55.
N
51 each copper atom is coordinated to two nitrogen atoms of two molecules of 50 and three 
H 2O solvent molecules giving a distorted square-pyramid geometry. In this case the 
perchlorate anion behaves as a true non-coordinating anion. In 52 each copper atom is in a 
similar fashion coordinated to two nitrogen atoms, but the square planar geometry§§ of the 
copper is now completed by the coordination of two monodentate N O 3- anions. W ith SO4- a 
1D coordination polymer with an alternate chain motif is formed (compound 53). There are 
two independent copper atoms in the asymmetric unit; one copper atom is bound to two 
nitrogen atoms of 50 and four H 2O molecules. The other copper atom is also bound to the two 
nitrogen atoms, but is now bound to two monodentate SO 4- anions and only two H 2O 
molecules. The formation of a 1D polymer instead of a macrocycle is attributed to the steric 
hindrance that the SO4- anion would induce in a macrocycle. In the compound |[Cu2(50)(^- 
O Ac)4] } n (54) the copper forms together with the anion an SB U  (Section 6.3.2). The axial 
positions of this paddle-wheel motif are filled by 50 forming a 1D coordination polymer. 
These four compounds have been studied for their magnetic behaviour. In the compounds 51-
§§ There is a weak interaction with an acetonitrile solvent molecule, so the coordination geometry of copper could 
also be described as distorted square-pyrimid like in compound 62.
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53 the only linkage between the copper atoms is via ligand 50. Unfortunately, the pathway via 
this ligand is too long and w ill only lead to very weak antiferromagnetic interactions. In 
compound 54 the strong antiferromagnetic interactions are caused by the paddlewheel motif, 
and also here there is hardly any magnetic interaction found via the pathway provided by the 
coordinated ligand 50.
Nitrate anions are not always coordinated to account for the charge balance in a coordination 
polymer. The reaction of the flexible ligand 55 (C hart 4) with Cd(NO 3)2 • 6H 2O in water 
yields a 1D coordination polymer with the structural formula {[C d (N O 3)(55)2]2 • (NO 3)2 • 
H 2O }n.[142] Each divalent cadmium atom is charge balanced in the polymer by one bidentate 
and one non-coordinating N O 3- anion. The reaction of 55 with CdI2 yields a macrocycle 
similar as the macrocycles 51 and 52. Both cadmium atoms are connected into a ring by two 
molecules of 55. The tetrahedral coordination geometry of cadmium is completed by two 
terminal iodide atoms per cadmium. Iodide, or halides in general, are able to act as a bridging 
ligand between metal atoms.[143] Under these reaction conditions, however, the iodide acts as a 
terminal ligand.
6.6.6 H ig h - T h ro u g h p u t S creen in g
High-throughput screening (H T S) and combinatorial chemistry are widely established 
methods in organic[144], biochemical[145] and inorganic chemistry[146]. It is less common in the 
field of material science, but is attracting more and more attention over the past few years.[147] 
For conventional crystallization there is not much needed to perform H TS. The 
implementation of hydro-/solvothermal synthesis in the H TS method has proven to be 
difficult. Research into this area has led to the development of a multi-clave for the 
simultaneous execution of 48 reactions. The apparatus is further capable of automated 
dispersion of the starting materials, homogenization and the isolation and washing of the 
product. Even the analysis by X-ray diffraction is automated, without manipulating the 
samples.[148] This device has been used in the H TS investigation of the Co(O H )2/C4H 6O4/H2O 
system. The screening of four parameters (temperature, pH, concentration and reaction time) 
led to the discovery of two new phases, in addition to the four known from literature.[149] A  
glance at the crystallization diagram of this system shows a remarkable feature. The formation
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of [Co6(O H )2(C 4H 4O4)5] • 2H2O (phase D ) can be obtained in a phase pure form*** in two 
distinct regions. This phase was already known in literature, but was then prepared from a 
different starting cobalt salt.[150]
H TS provides a fast method for the screening on the purity and morphology of M O Fs starting 
with different salts. The formation of H-KUST-1 ([Cu3(B T C )2(H 2O )3]n was studied starting 
from different salts or ratios of salts.[151] These experiments were performed at 348 K  and 423 
K . A t the lower temperature phase pure HKUST-1 was obtained in all cases except when 
CuCl2 was used, then no materials was obtained at all. A t elevated temperatures unknown 
phases and Cu2O as side-products appeared, and no product was obtained for CuCl2 as the 
copper source. Sim ilar results were obtained when different starting salts were investigated in 
the formation of MOF-5. The reaction with ZnC l2 as metal source yielded no product, whereas 
the use of ZnSO 4 • 7H2O gave an unknown phase. The reactions with Zn(N O 3)2 • 6H 2O, ZnO 
and Zn(CH 3COO )2 • 2H2O gave MOF-5, but the morphology of the crystals was very 
different. W ith Zn(N O 3)2 • 6H 2O and ZnO large crystals were obtained, but these were 
strongly intergrown. Crystals with well-defined cubic shape were harvested with 
Zn(CH 3COO )2 • 2H 2O, but then the crystals were much smaller.
H TS provides a fast screening method for finding the ideal reaction conditions in the 
formation of hybrid inorganic-organic materials. The synthesis of Zeolytic Imidazolate 
Frameworks (Z IFs ) has been called tedious, unpredictable and time consuming.[152] Besides 
this, the traditional way of preparing this type of networks uses large amounts of reagents and 
is thus not very environmentally friendly. In total 9600 experiments were performed, 
analyzing 9 different imidazolate/imidazolate-type ligands with either Z n (II) or C o (II), 
however, only 25 different structures were identified.
6.7 Concluding Remarks
The field of coordination polymers has expanded rapidly over the past two decades. It has led 
to the development of different design strategies and synthetic methods. For design of new and
*** The authors do not comment on the amount of byproduct Co3O4 and unreacted Co(OH)2 in each of the 
obtained phases. They only mention that these compounds are also present in addition to the MOFs.
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exciting topologies or highly functional materials, knowledge of how to control the different 
parameters during the synthesis is required. In this literature overview a summary is given of 
the progress that has been made in the understanding of the formation of coordination 
polymers. But, although there are more and more articles found in literature with new 
coordination polymers, they still are often found serendipitously. The amount of systematic 
studies remains behind, although with the implementation of H TS into hydrothermal synthesis 
this could change rapidly. The range of parameters that determine the result of a CP-synthesis 
(C P = Coordination Polymer) is very large as shown in this chapter. It is very important in the 
design of coordination polymers to understand which parameters are the most important. 
However, this is system dependent. H TS would be a good technique to rapidly screen a broad 
range of parameters in order to determine the important parameters for the system under 
investigation. I f  the most important parameters are identified for a particular system, it 
becomes possible to design coordination polymers (within the limits of the chosen system) in 
a more rational fashion. So in the end, systematic studies provide us the information needed to 
design new materials with dedicated physical and chemical properties.
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CHAPTER 7
Solvent, Linker, and Anion Effects on the Formation, 
Connectivity and Topology of Cu(I)/PPh3/N-donor Ligand 
Coordination Polymersf
Abstract
The effect of linker, anion and solvent on the formation, topology and connectivity of 
coordination polymers was investigated for reactions between [Cu(M eCN )2(PPh3)2][X ] (X  = 
B F 4-, C lO 4- and P F 6-) and nitrogen donor ligands (pyrazine, 4,4’-bipyridine, 3,4’-bipyridine 
and 1,4-dipyridylbenzene) in three solvents (C H 2C l2, CH C l3, THF). The 27 crystallization 
experiments with linear N-donor ligands yielded seven crystal structures of 1D and five 
crystal structures of 2D coordination polymers. The nine crystallization experiments with the 
non-linear N-donor ligand yielded four crystal structures. A ll these isolated solid compounds 
were characterized by X-ray diffraction techniques, elemental analysis and 1H  N M R.
The thermal properties of several coordination polymers were investigated by Thermal 
Gravimetric Analysis (T G A ) and Differential Scanning Calorimetry (D SC ) in order to 
determine the stability of the polymers. These techniques show that the decomposition 
pathway of these coordination polymers is not only determined by the topology of the 
polymers, but also by the interchain interactions. The main conclusion and message from this 
work is that during the synthesis and interpretation of coordination polymers one might focus 
on the wrong parameters being held responsible for steering network formation and topology. 
In fact, for a rational design and understanding of new coordination polymer systems one 
should first systematically analyze the effect of all parameters in order to filter out those ones 
that really determine the desired network properties.
t Parts of this chapter have been published. F. F. B. J. Janssen, L. P. J. Veraart, J. M. M. Smits, R. de Gelder, A.
E. Rowan, Crystal Growth and Design, 2011, 11, 4313-4325.
CHAPTER 7
7.1 Preface
“ It remains in general impossible to predict the structure of even the simplest crystalline 
solids from a knowledge of their chemical composition.” [1] This statement has been and still is 
a major challenge for physical chemists. 1999, a blind test on the ab initio  crystal structure 
prediction of three small organic compounds was organized by the Cambridge 
Crystallographic Data Centre (CCDC), which showed that, at that time, it was very difficult to 
find a program that gave reliable results even for the simplest of organic molecules.[2] Since 
then these blind tests have been conducted every two to three years to provide an objective 
evaluation of the developments in this field.[2, 3  4] Although the improvements are gradual, the 
latest test clearly showed that the opening statement of this paragraph no longer holds 
ground,[4] but it also showed that we still have a long way to go before the crystal structure of 
every molecule can be predicted.
The increasing interest in coordination polymers has led to the same question. Can we predict 
the topology of coordination polymers solely based on the molecular building blocks used? 
And the answer at this moment is “ yes, to a certain extent we can” . The proper choice of 
metal and organic linker ligand can already put a lim it on the number of possible network 
architectures. Other factors however, like type of anion, metal-to-ligand ratio, solvent, 
temperature and pH also have an influence on the formation, connectivity and topology of 
coordination polymers (described in Chapter 6 ). I f  we really want to be able to design 
networks with desired properties, it is essential to obtain a detailed understanding of the 
parameters that play a role in the formation of different networks. Only then can we design 
networks with a desired architecture and functionality.
7.2 Introduction
In this chapter the effect of linker, anion and solvent on the formation, topology and 
connectivity of coordination polymers from the reaction between [Cu(M eCN )2(PPh3)2][X ] (X  
= B F 4-, C lO 4-, P F 6-) and nitrogen donor ligands is investigated. Monovalent metal atoms in 
group 11 of the periodic system have a d10 configuration, which make them highly interesting
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for their luminescent behavior. This is especially true for Cu(I)-halide compounds and 
polymers.[5, 6] Furthermore, d10 metal atoms are excellent candidates for studying the effect of 
several parameters on network topology, because they have a flexible coordination sphere.[7] 
As mentioned before, we choose to work with N-donor linker ligands (C hart 1), because they 
enable us to study the effect of anions, which are needed for the charge-balance of the 
compounds. The three linear N-donor ligands are of increasing length (the N-N distance is 
2.8Â, 7.1Â and 11.1 Â  for respectively pyz, 4,4’-bipy and 1,4-dpb). The ligand 3,4-bipy has 
a N-N distance of 6.3Â, which places it between the length of pyz and 4,4’-bipy. The non­
linear orientation of the nitrogen donor atoms in 3,4-bipy can lead to very different 
connectivities and topologies of coordination polymers, which makes comparison in terms of 
length with the linear nitrogen donor ligands somewhat complicated. Nevertheless, it was of 
interest to see what influence this nonlinearity between the donor atoms has on the topology 
of coordination polymers and to find out if  the influence of solvent and anion is the same as 
for linear N-donor ligands.
Pyrazine
(pyz) r l
1,4-Dipyridylbenzene
(1,4-dpb)
Chart 1 Overview o f the linker ligands with abbreviations used in this chapter.
r%
n r 1
3,4-Bipyridine 4,4-Bipyridine
(3,4-bipy) (4,4'-bipy)
W e decided to use a second ligand in the form of triphenylphosphine, which w ill assist in 
stabilizing the oxidation state of copper.[8] This ancillary ligand is considered to be a stopper
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ligand, because it has only one coordination site and cannot propagate the polymer. W ith our 
starting copper complex this w ill mean that the number of possible topologies w ill be limited 
to 1D (if  none of the PPh3 ligands are replaced by the linker ligand) or 2D (if  only one PPh3 
ligand is replaced by the linker ligand). Hereby we assume that at least one of the PPh 3 groups 
w ill stay coordinated to the copper metal center. Besides this, the use of triphenylphosphine 
groups w ill offer the possibility to study the intermolecular interactions between the phenyl 
groups (Multiple Phenyl Embrace, C hapter 8 ). These non-covalent interactions could lead to 
an increase in dimensionality of the polymeric network. Another advantage of 
triphenylphosphine is that it expands the solubility of the starting material to more solvents 
compared to its PPh3-free precursor [Cu(M eCN )4][X ] (X  = B F 4-, C lO 4-, P F 6-), which creates 
the possibility to study the role of solvent in the formation of coordination polymers. 
Coordination polymers, based on the Cu/PPh3/linear N-donor system with coordinating 
anions, have already been synthesized and reported in literature. A  survey of the CSD* shows 
that there are six crystal structures reported for the Cu(I)/PPh3/L (L  = pyrazine or 4,4’- 
bipyridine) system. A ll these coordination polymers display a similar connectivity, even 
though they are prepared under different conditions. The addition of solid CuCl to a 
deoxygenated solution of pyrazine and triphenylphosphine in acetonitrile leads to the 
formation of |(Cu2(PPh3)2(^-Cl)2(^-pyz)}« (1).[9] Compound 1 consists of [Cu2(PPh3)2(p,- 
C l)2] dimers bridged by pyrazine molecules (Figure 1). The coordination geometry around the 
copper metal is distorded tetrahedral caused by the steric bulk of the PPh 3 group. The Cu-Cu 
distance of 3.059(1) Á  is longer than the sum of the van der W aals radii o f copper(I) (2.8 Á ) 
and suggests that there is no significant metal-metal interaction. An earlier report of the 
reaction between [C uX (PPh 3)2] (X  = Cl, Br, I) and pyrazine in refluxing benzene established 
the chemical composition through elemental analysis, but did not determine the crystal 
structure.[10] Based on IR  spectra in combination with the insoluble nature of the material they 
concluded that the structure had to be polymeric. The reaction between CuI, 
triphenylphosphine and pyrazine in acetonitrile yields single crystals, which confirms the 
connectivity of the polymer. The structure also showed that the polymer is a solvate, 
incorporating two M eCN  molecules in the asymmetric unit.[6] An isostructural solvate is
J Crystallographic Structure Database (CSD), version 5.30 (Nov 2008) + 4 updates (Nov 2008, Feb 2009, May 
2009 and Sep 2009).
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obtained when CuBr, PPh3 and pyrazine are allowed to react in dichloromethane.
Single crystals of |(Cu 2(PPh3)2(^-Cl)2(^-4,4’-bipy)}» (2) are formed when a solution of the 
ligand in TH F is allowed to diffuse through a buffer layer of CH 2C l2/THF into a CH 2C l2 
solution of CuC l(PPh3)3 (C SD  refcode: R O Q D IK ).[11] Also in 2 the polymer consists of 
[Cu2(PPh3)2(p,-Cl)2] units bridged by the linear nitrogen donor ligand (Figure 2). The 
compounds |(Cu 2(PPh3)2(^-X)2(^-4,4’-bipy)}» (X  = B r  (3), I  (4 )) can be crystallized from 
D M SO  (CSD  refcodes: S IP Y A S [12], IK E T E X [13]). The crystal structure of 4 was later re­
determined and the space group was found to be P 1 instead of P1 (IK E T EX 0 1 [14]). For this 
ligand there are also two structures with silver known. The compound |(A g 2(PPh3)2(p,-I)2(p,- 
4,4’-bipy)}« (5) is prepared when an acetonitrile solution of the ligand is added to a solution 
of A g I and PPh3 in CHCh/MeCN/MeOH (C SD  refcode: LO N K U U ). [15]
Figure 1 Molecular structure o f (Cu2(PPh3)2(^-Cl)2(^-pyz)}x (1). Cu, green; C, grey; P, orange; Cl, yellow; N, 
blue; covalent or coordination bond, bronze. Hydrogen atoms have been omitted for clarity. The CSD refcode is 
RINLOP.
The reaction between [Ag(PPh3)(N O 3)]n with 4,4’-bipyridine in acetonitrile yielded a 
sparingly soluble compound.[16] Based on IR  spectra Hor et a l. concluded that the nitrate 
groups were not coordinated to the metal and therefore, the chemical composition is 
[Ag2(PPh3)2(p,-4,4’-bipy)][NO3]2. A  decade later a similar compound was synthesized, only 
under different conditions. Single crystals of this compound can be obtained either by the
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slow evaporation of a M eCN/MeOH solution containing all the components by diffusion of 
M eOH into a D M SO  solution of the product. 1^5, 17] The crystal structure shows that the nitrate 
groups are coordinated in a bidentate bridging fashion between two silver atoms (F igure 3). 
The compound should be addressed to as |A g 2(PPh 3)2(p,-ONO2)2(p,-4,4’- b ipy)}œ (6 ).
Figure 2 Molecular structure o f (Cu2(PPh3)2(^-Cl)2(^-4,4'-bipy)}x (2). Cu, green; C, grey; P, orange; Cl, 
yellow; N, blue; covalent or coordination bond, bronze. Hydrogen atoms have been omitted for clarity. The CSD 
refcode is ROQDIK.
Figure 3 Molecular structure o f (Ag2(PPh3)2(^-ONO2)2(^-4,4'-bipy)}m (6). Ag, green; C, grey; P, yellow; N, 
blue; O, red; covalent or coordination bond, bronze. Hydrogen atoms have been omitted for clarity. The CSD 
refcode is LONLAB.
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Compound 6  has a similar polymer backbone as {C u 2(PPh 3)2(^-ONO2)2(^-4 ,4 ’-bipy)}«, but 
the structures are not isostructural. Compound 6  crystallizes in the triclinic space group P 1 , 
which is the same as for 1-4. The copper analogue crystallizes in the monoclinic system with 
space group C/2c.[18]
Our research has been directed towards the crystallization of polymers of the Cu/PPh3/N- 
donor system with three non- or weakly coordinating anions (B F 4-, C lO 4- and P F 6-). The 
synthesis and crystal structures of these polymers w ill be described in Section 7.3 and 7.4.
7.3 Synthesis of Coordination Polymers with Weakly- and Non­
Coordinating Anions
Solvent
[Cu(M eCN)2 (PPh3)2] [X ] + L  ------- ►
X  = B F 4 ,C lO 4 o rP F 6  
L = pyz, 3,4-bipy, 4,4'-bipy or 1,4-dpb 
Solvent = CHCl3, CH 2 C l2, THF
Scheme 1 General reaction scheme for the crystallization o f the coordination polymers with weakly or non­
coordinating anions.
The crystallization of the coordination polymers with weakly- and non-coordinating anions 
was achieved via conventional crystallization techniques (described in C hapter 6 ). The 
formation and crystallization of coordination polymers must happen (almost) simultaneously 
due to the insoluble nature of most coordination polymers. In order to achieve this, a solution 
of the linker ligand was added vigorously (in order to achieve a homogeneous solution 
without stirring) to a solution of the copper salt in the same solvent (Schem e 1). The resulting 
solution was left undisturbed for 24-48 hours before any formed material was isolated. I f  there 
was no solid material present after this period of time, the solution was top-layered with 
diethylether to reduce the solubility of the coordination polymer. Again the solution was left
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undisturbed for 24-48 hours before isolating any formed solid material. In Table 1-4 an 
overview is given of the numbering scheme used in this chapter for the different polymers. 
A ll the isolated coordination polymers were stable towards oxygen oxidation. They can be 
handled in air for several hours, but have to be kept in an inert atmosphere when stored for 
longer periods of time. The crystals themselves are less stable and become opaque upon 
isolation from the mother liquid due to the (often) rapid loss of incorporated solvent 
molecules.
Table 1 Numbering and dimensionality o f the 
polymers with pyz.a
Table 2 Numbering and dimensionality o f the 
polymers with 4,4 ’-bipy.a
m CIO4" PF6-
CHCl3 11 (1D) 14 (1D) 13 (1D)
CH2C12 7 (1D) 9 (1D)
THF 8 (1D) 12 (1D) 10 (1D)
Table 3 Numbering o f the polymers with 1,4-dpb.
m
CIO4' PF6-
CHCI3 25 28 31
CH2Cl2 26 30
THF 27 29 32
m C1O4_ PFg
CHCI3
CH2Cl2
THF
16 (1D)
19 (2D)
2 2 a, 2 2b 
(2D)
18 (1D)
20 (2D)
23a, 23b 
(2D)
17 (1D) 
21 (2D) 
24a
Table 4 Numbering and dimensionality o f the 
polymers with 3,4-bipya
to n t C1O4- PFg
CHCI3
CH2Cl2
THF 35 (1D)
36 (1D)
37 (1D) 38 (1D)
a The dimensionality o f the coordination polymers is also indicated in cases where this is known. The blank cells 
in Table 1-3 represent reaction conditions, which did not lead to the formation o f any solid material. The blank 
cells in Table 4 are reaction conditions which did either not led to the formation o f any solid material or led to 
the precipitation o f a powder, which has not been analyzed for this ligand.
a
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7.4 Description of Topology and Connectivity
7.4.1 1D  P olym ers w ith  P yrazine
The 1D coordination polymers {[Cu(p,-pyz)(pyz)(PPh3)][X ] • solv}«, (7: X  = B F 4-, solv = 
CH 2C l2; 8 : X  = B F 4-, solv = THF; 9: X  = C lO 4-, solv = CH 2C l2) are isostructural and 
crystallize in the triclinic space group P1 (Table 15). The 1D coordination polymer {[Cu(p,- 
pyz)(pyz)(PPh3)][P F 6] • T H F }«  (10) has the same molecular connectivity as 7-9. It also 
crystallizes in the triclinic space group P 1 , but the unit cell dimensions of 1 0  are different 
compared to those of 7-9 (Table 15). In 7-10 the zig-zag motif of the polymer backbone is 
formed by Cu-(p,-pyz)-Cu repeating units with Cu-N distances in the range of 2.061(6) to 
2.102(6) A  (Figure 4 and Table 5). The copper atom is further coordinated to a bulky PPh 3 
group with Cu-P distances ranging from 2.185(2) to 2.2025(8) A  for the four polymers 
(Table 5). The distorted tetrahedral geometry of the copper atom is completed by a 
monodentate pyz group.
a) b)
Figure 4 a) View along the a-axis o f the crystal structure o f 7 showing the backbone o f the coordination polymer, 
b) asymmetric unit o f the coordination polymer with labeled atoms. Cu, green; C, grey; P, yellow; N, blue; 
covalent or coordination bond, bronze. Hydrogen atoms, solvent and counterion molecules have been omitted for 
clarity.
P
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The shortness of the pyz group (2.8 À ) compared to the bulkiness of the PPh 3 group (5.5 À  for 
P-C1-C3) prohibits this monodentate pyz from bridging to another copper atom. Instead the 
pyz group of polymer 7-9 interdigitates into another polymer strand forming offset face-to- 
face n-n interactions with an interplane distance of 3.5 - 3.6 À  (Figure 5).[19] The n-n 
interaction of pyz with one of the phenyl groups of PPh 3 is less strong, because the two planes 
of these moieties are inclined. The packing of the polymer strands is very efficient, leaving a 
void large enough for just one anion and one solvent molecule. The different packing of 10 
does not show any form of interdigitation between the polymer strands. There are also still 
voids present, which are occupied by the anion and one heavily disordered TH F solvent 
molecule.
Figure 5 View along the polymer backbone o f 7 showing the inability o f pyrazine to coordinate in second 
direction. Instead the pyz molecules interdigitate between pyz molecules o f another polymer strand.
The addition of a solution of pyz to a solution of [Cu(M eCN )2(PPh 3)2][B F 4] in chloroform 
does not lead to the formation of a solid within 48h. The solubility of the product can be 
reduced by top-layering the solution with diethylether. This yields very thin yellow needles
(11) within 24h, but proved to be unsuitable for single-crystal diffraction. The experimental 
powder diffraction pattern of this compound was compared with the experimental powder 
patterns of 7-9 (Figure 6 ). In all three patterns there is a large peak at 29 = 6.5° and three
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20 [°]
Figure 6 a) Simulated powder diffraction pattern o f compound 7. Experimental powder diffraction patterns o f b) 
compound 7, c) compound 8, d) compound 9, e) compound 11, f)  compound 12.
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peaks around 29 = 9.4°. A t higher 29 values the match between the powder patterns becomes 
less, although the three peaks at 29 = 17.9, 18.9 and 19.5° seem to be present in all three 
patterns at roughly the same positions. This similarity possibly indicates that the precipitate is 
isostructural with 7-9. 1H  N M R  analysis of the precipitate shows that the proton ratio between 
pyz and PPh 3 is 2:15. The theoretical proton ratio for these ligands in 7-9 would be 8:15 and 
this is also experimentally observed for these compounds. The ratio for the precipitate 
indicates the presence of only one pyz and two PPh 3 groups, instead of two pyz groups and 
one PPh 3 group. Based on these 1H  N M R  results a chemical composition for this precipitate of 
{[Cu(p,-pyz)(PPh3)2][B F 4] • CH C l3}«  (11) is proposed. This composition is also confirmed by 
elemental analysis. The packing of 11 in the unit cell is probably comparable to 7-9, meaning 
that the backbone of the coordination polymer is directed along the b-axis of the unit cell, 
which explains the similarities between the powder patterns of these compounds. Furthermore, 
the unit cell dimensions of 11 have to be equal or nearly equal to the unit cell dimensions of 7­
9, otherwise larger deviations in the powder patterns at low 29 values would have been 
observed. The replacement of a pyz group with a PPh 3 group does not hamper the efficient 
packing, since the PPh 3 groups can approach each other in close proximity while participating 
in Multiple Phenyl Embraces (Chapter 8 ).
The reaction of [Cu(PPh3)2(M eC N )2][C lO 4] and pyrazine in TH F yields a yellow precipitate
(12), which also proved to be unsuitable for single crystal diffraction. The measured powder 
pattern is compared to the experimental patterns of 7-9 and 11 (Figure 6 ). The match between 
the patterns is very clearly seen, especially with the pattern of 9. Both 9 and this compound 
have two peaks at 29 = 6.5° and several overlapping peaks at 29 = ~9.5° and 13°. Furthermore, 
the three peaks between 29 = 17° - 20° are also very characteristic. This match between the 
patterns suggests that this precipitate is also a 1D polymer with the structural formula 
{[C u (PPh 3)(pyz)2][C lO 4] • T H F }n. The 1H  N M R  of this compound shows a proton ratio of 6  to 
15 for pyrazine and triphenylphosphine, which should be 8 to 15 if  our assumed chemical 
composition is correct. The obtained elemental analysis confirms the observations from the 1H  
N M R  spectrum and together they indicate a chemical composition of 
{[C u (PPh 3)(pyz)1 5 ][C lO 4] • T H F }n (12). The presence of one and a half molecule of pyrazine 
per copper atoms suggests that these N-donor ligands all act as bridging ligands between the 
copper atoms, which would mean that the structure is 2D. The crystal structures of 7-9 show
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that the individual 1D strands cannot approach each other close enough for the mondentate 
pyrazine to become bridging due to the steric hindrance of the PPh 3 group. A t this moment the 
chemical composition and crystal structure of 1 2  remains debatable.
In CH C l3 a yellow crystalline powder had formed, but it was unsuitable for single-crystal 
diffraction. The comparison of the experimental powder pattern with that of 10 shows some 
correlation, especially at low 29 values (Figure 7). The three peaks at 29 = 7.1, 7.9 and 8.2° 
are at the same position as the three peaks in the pattern of 10. A t higher 29 values similar 
patterns can be recognized, e.g. around 29 = 13° and between 29 = 19 and 20°, but they are 
shifted compared with the pattern of 10. Based on the similarities between the powder 
patterns, a chemical composition of {[Cu(p,-pyz)(pyz)(PPh3)][P F 6] • CH C l3}«  (13) is proposed 
for this polymer. Furthermore, this composition is confirmed by both 1H  N M R  and elemental 
analysis.
29 [°]
Figure 7 Experimental powder patterns o f a) compound 10 and b) compound 13.
The compound {[C u (PPh 3)(^-pyz)(OClO3)] • CH C l3}«  (14) crystallizes in the space group 
C2/c. The backbone of this 1D coordination polymer consists, like the previously described 
polymers, of Cu-(p,-pyz)-Cu repeating units (Figure 8 ). The distorted tetrahedral geometry
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around copper is filled with one PPh3 group and a coordinating anion. The Cu-O distance is 
2.163 A, which is rather at the short end of the range found in the CSD  (2.138 A-2.876 A ) for 
Cu-O distances in coordinated perchlorate compounds. The refinement of the perchlorate 
molecule was severely hampered by its disorder. The inadequate description of this molecule 
in the crystal structure could therefore have led to the observation of the short Cu-O distance. 
This compound shows some resemblance to [Ag2(PPh 3)2(p,-4,4’-bipy)][ClO 4] 2 (15) (refcode: 
LO N KO O ), a binuclear compound that can be crystallized by top-layering a CH 2C l2/MeCN 
solution with diethylether.[15] In 15 each Ag atom is coordinated to one PPh 3 group and one 
bridging 4,4’-bipyridine ligand. The P-Ag-N angle is 158.4°, which lies between the ideal 
angle of linear and trigonal coordination (respectively 180° and 120°). One of the Ag-O 
distances in 15 is 2.55 A, which falls well within the range found in the CSD  (2.236 A  - 2.983 
A). However, the other Ag-O distance is 3.08 A  and is rather long compared to the typical 
values found. The authors believe, based on these Ag-O distances and the severe disorder in 
the C lO 4- ion, that the interaction between this ion and Ag is insignificant and should be 
ignored. Although the disorder in the C lO 4- ions can be described rather well, it is very good 
possible that this disorder is reflected in the Ag-O distances, making them appear longer than 
they truly are.
a) b)
Figure 8 a) The polymer backbone o f 14 with the coordination anion, b) coordination around copper with 
labeling scheme. Cu, green; C, grey; P, orange; N, blue; Cl, yellow; O, red; covalent or coordination bond, 
bronze. Hydrogen atoms and solvent molecules have been omitted for clarity.
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Table 5 Selected bond lengths (Á) and angles (°) for 7-10 and 14.
7 8 9 10 14
Cu - P 2.2015(3) 2.1994(8) 2.2025(8) 2.185(2) 2.173(2)
Cu - N1 2.0691(1) 2.072(2) 2.074(2) 2.061(6) 2.030(6)
Cu - N2 2.0847(1) 2.073(2) 2.088(2) 2 .10 2 (6 ) 2.034(6)
Cu - N3 2.0644(3) 2.062(2) 2.059(2) 2.084(6)
Cu - O 2.163(7)
N1 - Cu - N2 103.13(7) 104.72(9) 103.04(9) 10 0 .6 (2 ) 107.8(2)
N1 - Cu - N3 103.91(7) 101.64(10) 104.07(9) 98.8(2)
N1 - Cu - P 112.18(5) 113.52(7) 112.20(7) 1 2 1 .0(2 ) 116.29(19)
N1 - Cu - O 94.8(3)
N2 - Cu - P 114.09(5) 111.59(7) 113.97(6) 113.99(19) 115.86(19)
N2 - Cu - N3 97.85(7) 99.33(9) 98.18(9) 99.5(3)
N2 - Cu - O 94.6(3)
N3 - Cu - P 123.11(5) 123.69(7) 122.85(7) 119.25(19)
P - Cu - O 123.8(2)
7.4.2 1D  P olym ers w ith  4 ,4 ’-B ipyrid ine
The 1D coordination polymers |[C u (PPh 3)2(p,-bipy)][X] • 4CHCl3}«, (16: X  = B F 4', 17: X  = 
P F 6-) crystallize in the triclinic space group P1  . The backbone of the polymer consists of 
Cu-(p,-4,4’-bipy)-Cu units, comparable to the 1D coordination polymers found with pyz 
(Figure 9). The Cu-N distances o f 2.065(5) to 2.093(7) Á  are comparable to the Cu-N 
distances of 7 - 10 (Table 6 ). The copper atom is further coordinated to two PPh 3 groups with 
Cu-P distance of 2.264(2) to 2.269(2) Á, which is slightly longer than the Cu-P distance of 7­
10. The polymer incorporates four molecules of solvent in the crystal structure, which are 
easily lost when the crystals are exposed to air. This is also clearly observed in the 
experimental powder diffraction pattern of e.g. 16 (Figure 10). The pattern shows that there 
are still peaks observed, for instance at 29 = 6.5, 8.9 and 19°, but these are very broad and the 
signal-to-noise ratio is very low. This implies that the crystal structure deteriorates due to the 
evaporation of the incorporated solvent molecules. The fact that there are still peaks visible 
shows that the 1D polymer itself remains intact and that the orientation of these polymers is
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still somewhat ordered within the solid material.
The reaction between [Cu(PPh3)2(M eC N )2][C lÜ 4] and 4,4’-bipyridine in chloroform yields a 
yellow precipitate, which was unsuitable for single crystal diffraction. Upon isolation from the 
mother liquid the crystals rapidly turn opaque due to presumably solvent loss. The powder 
diffraction pattern is comparable with the patterns of 16 and 17, but the signal-to-noise ratio is 
much lower making it hard to distinguish any peaks. The 1H  N M R  spectrum shows a proton 
ratio of 30:8 for PPh 3 and 4,4’-bipyridine. This suggests a chemical composition of 
{[C u (PPh 3)2(4,4’-bipy)][ClO4] for this precipitate, which is equal to 16 and 17. The elemental 
analysis can be matched to a chemical composition of {[C u (PPh 3)2(4,4’-bipy)][ClO4] • 
CH C l3}n. In combination with the assumption that the material loses solvent rapidly, it is 
probably isostructural to 16 and 17. Therefore, the as formed chemical composition of this 
polymer is most likely {[C u (PPh 3)2(4,4’-bipy)][ClO4] • 4 CH C l3}n (18).
Figure 9 a) Crystal structure showing the polymeric backbone o f 16. The copper atom is coordinated to two 4,4 
bipyridine and two triphenylphosphine molecules. b) Tetrahedral geometry around copper with the labeling 
scheme. Cu, green; C, grey; P, yellow; N, blue; covalent or coordination bond, bronze. Hydrogen atoms, 
counterions and solvent molecules have been omitted for clarity.
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Figure 10 Experimental powder pattern o f 16.
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Table 6 Selected bond lengths (A) and angles (°) for 16 and 17.
16 17
Cu - N1 2.093(7) 2.065(5)
Cu - N2 2.078(7) 2.084(6)
Cu - P1 2.269(2) 2.264(2)
Cu - P2 2.265(2) 2.266(2)
N1 - Cu - N2 98.4(3) 103.6(2)
N1 - Cu - P1 1 1 1 .0 (2 ) 113.23(19)
N1 - Cu - P2 102.3(2) 104.37(18)
N2 - Cu - P1 1 0 2 .6 (2 ) 101.88(18)
N2 - Cu - P2 113.8(2) 106.22(19)
P1 - Cu -P2 125.65(9) 125.33(8)
7.4.3 2D  B rickw a ll N etw ork
The isostructural compounds |[C u (PPh 3)(^-bipy)i.5][X ] • 2 CH 2C l2}«, (X  = B F 4' (19), C lO 4- 
(20), P F 6- (21)) are crystallized from a CH 2C l2 solution top-layered with diethylether. The 
chemical connectivity and network topology is shown for 19 in Figure 11. Each copper atom 
has a tetrahedral geometry and is connected to one PPh 3 group and three bridging 4,4’-
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bipyridine ligands, creating a 2D grid (Figure 11a). The Cu-N distances are in the range of 
2.053(3) to 2.088(5) Á  and are comparable to the Cu-N distance of previously described 
polymers (Table 7). The Cu-P distances of 2.1771(10) - 2.1894(15) Á  are slightly shorter than 
the Cu-P distances of 16 and 17. The overall topology of the network is best described as an 
undulating brick wall sheet (Figure 11a), although the undulating character is not very clear in 
Figure 11a. A  view  alongside the 2D sheet shows that the topology within one strand of the 
sheet can be described as a zig-zag polymer, which is the same as with the 1D coordination 
polymers of 7-10 (Figure 11b). In these polymers the increased length of the 4,4’-bipyridine 
ligand compared to the pyrazine ligand (7.1 Á  versus 2.8 Á ), creates the possibility for the 
“ monodentate” ligand to coordinate in the second dimension. This is no longer hindered by the 
bulky PPh 3 group, since the length of the ligand is larger than the largest P-C1-C3 bond (7.1Á 
versus 5.5Á). Analysis o f the bulk material with powder diffraction shows that the material is 
reasonable stable and that it does not lose solvent as rapidly as in the 1D coordination 
polymers 16 and 17.
Table 7 Selected bond lengths (Á) and angles (°) for 19-21.
19 20 2 1
Cu - N1 2.057(3) 2.053(3) 2.086(5)
Cu - N2 2.085(3) 2.078(3) 2.067(5)
Cu - N3 2.079(3) 2.074(3) 2.088(5)
Cu - P 2.1823(9) 2.1771(10) 2.1894(15)
N1 - Cu - N2 100.81(11) 101.29(13) 99.82(19)
N1 - Cu - N3 100.73(12) 100.79(13) 96.98(19)
N1 - Cu - P 117.04(8) 117.10(9) 119.11(15)
N2 - Cu - N3 97.13(11) 97.07(12) 1 0 1 .8(2 )
N2 - Cu - P 118.62(8) 118.29(9) 116.93(14)
N3 - Cu - P 118.81(9) 118.69(10) 118.47(14)
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a)
b)
Figure 11 a) View along the a-axis o f compound 19 and the labeling scheme, b) Side view o f the 2D grid, 
showing the similarity in backbone with 7-9. Cu, green; C, grey; P, yellow; N, blue; covalent or coordination 
bond, bronze. Hydrogen atoms, the phenyl rings o f triphenylphosphine, solvent and counterion molecules have 
been omitted for clarity.
7.4.4 2D  P en tagons
The addition of 4,4’-bipyridine to [Cu(M eCN )2(PPh 3)3][X ] in THF yields immediately a 
precipitate for all three anions (22a: X  = B F 4-, 23a: X  = C lO 4- and 24a: X  = P F 6-). The 
experimental powder patterns for 22a-24a are shown in Figure 11. The powder patterns show
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several broad peaks, indicating that the material probably is polymeric in nature with some 
sort of dimensional ordering, but that these compounds have lost some crystallinity perhaps 
due to the evaporation of solvent. The pattern of 22a has a peak at 29 = 4.3°, which indicates 
that the unit cell must be very large. The precipitates 23a and 24a have a completely different 
pattern. Most remarkably is the absence of the peak at 29 = 4.3° in the pattern of 23a and 24a, 
which points out to a much smaller unit cell as 22a. An explanation for the rapid production of 
solid material could be the coordination of TH F solvent molecules to the copper atom, 
although no precipitation is observed for the reactions of pyrazine in THF. The 1H  N M R  
spectra o f 22a and 24a show no proton resonance signal for the methyl group of M eCN, 
meaning that this solvent molecule is no longer coordinated to the copper atom. There are 
proton resonance signals present of THF, but the chemical shifts o f 5 = 1.7 and 3.6 ppm are 
comparable to the chemical shifts of free THF in DMSO-d6 .[20] And even if  the resonance 
signals of THF were shifted, it does not necessarily mean that this molecule is coordinated. It 
could well be that the solvent is incorporated in the voids of the structure and that the change 
in chemical shift is induced by its chemical environment. Furthermore, one would expect that 
if  the solvent is involved, the precipitates of all three reactions would be the same. Another 
explanation, related to solvent, could be that either 22a or 23a and 24a are releasing solvent 
faster than the other compound(s), because the intermolecular interactions between the solvent 
and the anion are different and the solvent is less strongly bound to its environment. The 1H  
N M R  of 22a and 24a shows a proton ratio of 12:15 for 4,4’-bipyridine and PPh3. Based on 
this the molecular formula of this precipitate is tentatively assigned as being 
{[C u (PPh 3)(b ipy)1 5 ] [B F 4] • nTH F}«. Although this is similar to the chemical composition of
19-21, a comparison between the experimental powder patterns shows that 22a, 23a and 24a 
are not identical to 19-21 (comparison not shown).
I f  the solid material of 22a-24a is kept in solution for several days, the powders o f 22a and 
23a transform into single crystals, but the precipitate of 24a remains unaltered. It is not an 
uncommon process for small powder particles to transform into larger particles.§ The single 
crystals were analyzed by X-ray diffraction and this showed that the chemical composition of
§Already in 1896 Wilhelm Ostwald described a process, now known as Ostwald ripening, in which smaller 
crystals disappear at the expense of larger crystals[21]. Ostwald ripening does imply that the crystals and powder 
present in the solution are of the same chemical composition and perhaps also structure.
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the crystals is identical to that of the 2D structures 19-21 and the aforementioned precipitates 
22a and 23a. The compounds {[C u (PPh 3)(^-bipy)i.5][X ] • 1.33 TH F}n (22b: B F 4-, 23b: C IO 4-) 
are isostructural (Table 15) and the chemical connectivity is shown in F igure 13 for 22b. The 
crystal structure o f 22b can also be obtained from a THF/CHCl3 solvent system, but then a 
combination of both THF and C H C l3 solvent molecules occupy the voids.[22] The structure 
consists of fused pentagons and in the asymmetric unit there are three crystallographically 
independent copper atoms. Each of these copper atoms is coordinated to three bidentate 
bridging 4,4’-bipyridine ligands and one triphenylphosphine molecule.
20 [°]
Figure 12 Experimental powder patterns o f a) precipitate 22a, b) precipitate 23a and c) precipitate 24a.
The experimental powder patterns of 22b and 23b are compared with the simulated powder 
patterns of these crystal structures (Figure 14). This shows that the crystalline material 
changes its structure when it is isolated, because there is no match between the experimental 
and simulated patterns. This is attributed to rapid solvent loss, which was also observed during
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data collection. The material does not turn completely amorphous, because there are still a lot 
of relatively sharp peaks present. This could mean that the pentagons are retained during 
solvent loss and that they are still to some extend ordered within the solid material. 
Furthermore, it is noticed that whereas the precipitates 22a and 23a did not appear to have the 
same structure, upon solvent loss, the compounds 22b and 23b are equivalent to each other.
Figure 13 Fused pentagons o f the 2D coordination polymer 22b. Cu, green; C, grey; P, yellow; N, blue; covalent 
or coordination bond, bronze. Hydrogen atoms, phenyl rings o f PPh3, solvent and counterion molecules have 
been omitted for clarity.
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The difference between the powder patterns clearly indicates, that 22a/23a and 22b/23b do 
not have the same structure. The transformation of the precipitate into single crystals does 
seem to follow Oswald’s rules of stages, which states that the less stable structure crystallizes 
first. This kinetically favored product is then, under the right conditions, capable of converting 
to a more thermodynamically stable form.[23] A  more accurate description of this 
transformation would be a solvent-mediated phase transition.[24] This could perhaps be a basis 
for an explanation of the discrepancy between the powder patterns. The transformation of 22b 
or 23a into single crystals could be faster than the other. Then this isolated precipitate is 
already an intermediate structure in the transformation process. This could be investigated if  
the powder is kept in solution during the powder diffraction measurement or if  the powder is 
isolated at different time intervals.
20 [°]
Figure 14 Comparison between a) measured powder pattern o f 22b, b) simulated powder pattern o f 22b, c) 
measured powder pattern o f 23b, d) simulated powder pattern o f 23b.
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7.4.5 P olym ers w ith  1,4-D ipyridylbenzene
The reactions of [Cu(PPh3)2(M eC N )2] [B F 4] with 1,4-dpb in respectively CH C l3 (25), CH 2C I2 
(26) and TH F (27) yields in all three solvents a yellow powder, which were analyzed by X-ray 
powder diffraction. The patterns show that these compounds are identical to one another 
(Figure 15). The observed peaks are rather broad, which indicates solvent loss upon isolation 
from the mother liquid. The presence of clearly distinguishable peaks suggests that there is 
conisderable ordering in the material. Furthermore, the peak below 29 = 5° (not completely 
recorded) indicates a large unit cell, which is not unexpected for this large linker ligand. 
A  yellow precipitate is immediately formed for the reactions of [Cu(PPh3)2(M eC N )2][C lO 4] 
with 1,4-dpb in CH C l3 (28) and TH F (29). In CH 2C l2 the precipitate (30) is only formed after 
reducing the solubility by the diffusion of diethylether. Also these compounds were analyzed 
by X-ray powder diffraction, but these compounds are much more amorphous than their B F 4- 
analogues. There are hardly any peaks visible, and therefore, the comparison with the patterns 
of 25-27 is impossible.
29 [°]
Figure 15 Experimental powder patterns for the precipitates obtained with 1,4-dpb as a linker ligand and BF4 
as anion in a) CHCl3 (25) b) CH2Cl2 (26), c) THF (27).
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W ith P F 6- as a anion, it turned out to be much more difficult to obtain solid material. The 
reaction in CH 2C I2 did not lead to the formation of any precipitate, not even after the diffusion 
of diethylether into the solution. As with other reactions, the colour of the solution turned 
yellow upon addition of the linker ligand, indicating the coordination of this ligand to the 
copper metal. In CH C l3 a yellow precipitate (31) is formed after the diffusion of diethylether 
into this solution. The isolated material was analyzed by powder diffraction, but the material 
was completely amorphous and could not be compared with any of the other patterns. In THF 
a precipitate (32) is formed immediately, but again powder diffraction showed that this 
material was amorphous.
A ll isolated precipitates were analyzed with 1H  N M R  in D M SO -J6  and the observed proton 
ratio was 18:15 for 1,4-dpb : PPh 3 is. This ratio implies that each copper atom, assuming that 
it is four-coordinate, is coordinated to three bridging 1,4-dpb ligands and one PPh 3 group. This 
is a similar chemical composition as for the 2D polymers 19-21, 22b and 23b. This strongly 
suggests that also for 1,4-dpb the coordination polymers are 2D, but that, due to the larger 
voids, the solvent is lost even faster than for 4,4’-bipy.
7.4.6 P olym ers w ith  3 ,4 -B ipyrid ine
The reactions between [Cu(M eCN )2(PPh 3)3][X ] (X  = B F 4-, C lO 4-, P F 6-) and 3,4’-bipyridine 
yielded in four cases single crystals suitable for X-ray diffraction. The crystal structure 
determination showed that under these conditions a 1D coordination polymer had been formed 
with a chemical composition of {[C u (PPh 3)2(3,4-bipy)][X] • solv}«, (33: X  = B F 4-, solv = 3 
THF; 34: X  = C lO 4-, solv = 3 CH C l3; 35: X  = C lO 4-, solv = 3 THF; 36: X  = P F 6-, solv = THF). 
The compounds 33-35 are isostructural and crystallize in the monoclinic space group P 2 1/c 
(respectively P 2 1/a for 34 or P 2 1/n for 33 and 35 (Table 15)).
In Figure 16 the chemical connectivity and topology of these 1D coordination polymers is 
shown on the basis of the structure of 33. The copper atom is coordinated to two N-donor 
ligands with Cu-N distances ranging from 2.065(6) to 2.092(3) Á  (Table 8 ). These are very 
comparable as the Cu-N distances previously mentioned in this Section. The distorted 
tetrahedral geometry o f copper is further completed by two PPh 3 groups with Cu-P distances 
in the range of 2.2655(11) to 2.2753(12) Á. The topology of 33-35 is best described as a 
square-wave polymer with the 3,4’-bipy ligands lying along the 2-fold screw axis. The
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packing of these polymers within the unit cell is not very efficient, because there are three 
additional solvent molecules per asymmetric unit necessary to fill the voids. The chemical 
connectivity of 36 is the same as for 33-35, but it crystallizes in the orthorhombic space group 
Pcab and has, hence, a different topology (Figure 17). The 3,4’-bipyridine ligand does not lie 
along a 2-fold screw axis, but is merely repeated by translation. The topology of the polymer 
can be described with a “ staircase” motif (Table 8 ).
P2
Figure 16 The square-wave polymeric backbone o f 33 and the labeling scheme. Cu, green; C, grey; P, yellow; N, 
blue; covalent or coordination bond, bronze. Hydrogen atoms, the phenyl rings o f triphenylphosphine, solvent 
and counterion molecules have been omitted for clarity.
Figure 17 The backbone o f 36 has a staircase motif. Cu, green; C, grey; P, yellow; N, blue; covalent or 
coordination bond, bronze. Hydrogen atoms, the phenyl rings o f triphenylphosphine, solvent and counterion 
molecules have been omitted for clarity.
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Table 8 Selected bond lengths (A) and angles (°) for 33-36.
33 34 35 36
Cu - N1 2.085(3) 2.065(6) 2.087(4) 2.096(4)
Cu - N2 2.092(3) 2.117(7) 2.088(3) 2.077(4)
Cu - P1 2.2655(12) 2.275(2) 2.2727(11) 2.2721(18)
Cu - P2 2.2753(12) 2.271(2) 2.2655(11) 2.2721(18)
N1 - Cu - N2 113.54(13) 104.4(3) 113.86(13) 104.23(16)
N1 - Cu - P1 106.37(10) 108.3(2) 102.61(9) 104.22(15)
N1 - Cu - P2 102.58(10) 1 1 0 .0 (2 ) 105.91(9) 107.57(15)
N2 - Cu - P1 103.75(10) 103.80(19) 106.07(9) 111.45(15)
N 2 - C u - P 2 105.33(10) 106.18(19) 103.12(10) 109.07(15)
P1 - Cu - P2 125.60(5) 122.54(8) 125.69(4) 119.08(6)
7.5 Thermal Analysis
The stability and thermal decomposition pathway of the polymers 7, 8 , 10, 11, 19 and 21 have 
also been analyzed by D SC  (Differential Scanning Calorimetry) and TG A  (Thermal 
Gravimetric Analysis). The polymers with perchlorate anions have not been analyzed due to 
the potential for explosion at high temperature. The other polymers described in Section 7.4 
have not been subjected to these analysis methods, because elemental analysis and powder 
diffraction showed that these materials were not stable. The severe solvent loss, already at 
room temperature, could lead to unreliable results.
Analysis of coordination polymers or M O Fs with these techniques can give information about 
the potential of solvent removal from the coordination framework. It does not give, however, 
any information about the stability of the framework itself after solvent removal. This has to 
be analyzed by powder diffraction of the evacuated framework. The decomposition pathway 
of the coordination polymers can be used to analyze the different interactions that hold up the 
framework and to establish the weakest link, which could be helpful in designing new and 
stable porous frameworks.
The isostructural 1D coordination polymers 7 and 8  have a comparable thermal stability and 
decomposition pathway and this w ill be discussed on the basis of the results for 7. The D SC
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and TG A  curves for 7 are depicted in Figure 18 and the numerical values of the thermal 
events of 7 and 8  are summarized in Table 9. The Derivative Thermogravimetric Curve (D TG ) 
is the first derivative of the TG A  curve and is given as a visual aid to distinguish between the 
overlapping weight loss steps in the T G A  curve (Figure 18). Polymer 7 is stable up to about 
40°C at which point a weight loss step starts. Between 40°C and 97°C a weight loss of 11.2% 
is recorded. This could correspond with the theoretical weight loss of 12.9% for the C H 2C l2 
solvent molecules. This is accompanied by an endothermic peak in the D SC  curve at a 
temperature of 97.8°C. The second weight loss step between 105°C and 148°C of 5.9% 
corresponds well with the theoretical value of 6 .1 %  for half the amount of pyrazine molecules.
1 0 0
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Figure 18 TGA, DTG and DSC curves o f 7.
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It also appears in the D SC  curve as an endothermic peak at 135.4°C. The second half of the 
monodentate pyz molecules is released between 148 and 198°C with a step of 6.2% 
corresponding excellent with the previously mentioned theoretical value of 6.1%. Again an 
endothermic peak is seen in the D SC  curve. The fourth weight loss step is much harder to see 
in the TG A  curve, but can be clearly distinguished in the D TG  curve with a peak at ~240°C. 
The observed weight loss of 4.4% corresponds probably with the loss of half the amount of 
bridging pyz ligands. The observed weight loss is much less than the theoretical value and this 
is most likely due to the fact that this weight loss process has not been completed before the 
next step starts. This small step in the TG A  is accompanied by two peaks in the D SC  curve. A  
closer look at the D TG  curve shows that this weight loss step in the TG A  indeed consists of 
two small processes as indicated by the small shoulder on the D TG  peak at ~222°C. The peaks 
in the D SC  curve are much sharper than the other peaks and indicate that a different process is 
occurring compared to the previously mentioned weight loss steps. And one of these processes 
is the breaking up of the polymer backbone. But a definite assignment of these peaks is not 
possible. From that point on a large weight loss step is present in the TG A  curve. The D TG  
curve shows that there are multiple thermal events occurring more or less simultaneously. In 
the D SC  curve this degradation step seems to consist of a small exothermic peak followed by 
a larger endothermic peak. During this step at least the remaining half of the pyz ligands and 
the PPh3 ligands are removed from the material. However, this corresponds to a theoretical 
weight loss of 45.9%, which is much less than the measured value of 60.6%. When only 
thesetwo moieties are removed from the structure, the remaining compound is C uBF 4 . This 
has a theoretical weight percentage of 22.9%, which is much higher than the observed residual 
weight of 11.8%. So, this salt has to decompose further. But, if  B F 4- is released completely, a 
monovalent copper w ill be left, which is not possible due to the lack in charge-balance. When 
TG A  measurements are performed in a flow of air, it is commonly seen that the end material 
consists of Cu2O or CuO due to oxidation. In this case the TG A  experiments are conducted 
under a nitrogen flow. It is therefore not possible to form oxide salts. From literature it is 
known that B F 4- (and also other fluoride containing anions[25]) can abstract a fluoride ion, 
releasing gaseous B F 3 and leaving, in this case, CuF behind.[26] The theoretical weight value 
for CuF in our polymer is 12.5%, which matches quite reasonably with the observed value of 
11.8%. This means that the last weight loss step corresponds with the removal of half the
269
CHAPTER 7
amount of pyz ligands, the PPh 3 ligands and gaseous B F 3 . This has a theoretical weight loss 
percentage of 56.3%, which is less than the observed 60.6%. But this can be attributed to the 
fact that the weight loss step between 198 and 254°C overlaps with this step.
Although the 1D coordination polymer {[Cu(p,-pyz)(pyz)(PPh3)][P F 6] • T H F }*  (10) has the 
same chemical connectivity as 7 and 8 , it does not have the same degradation pathway as 7 
and 8 . The T G A  curve of 10 shows a distinct weight loss step of 15.2% between 70 and 
115°C, which is much higher than the theoretical value of 10.3% for the THF solvent 
molecule (Figure 19 and Table 9). An explanation is that for this measurement a second batch 
of this polymer was used, which was most likely not sufficiently dried and contained residual 
solvent molecules sticking to the surface o f the crystal. Nevertheless, it is expected that this 
w ill be the first molecule to be released from the structure, and thus this step in the TG A  curve 
is attributed to the loss of THF. The polymer remains then stable up to 155°C, after which it 
slowly starts to decompose. It is rather difficult to distinguish different steps from the TG A  
curve, but the D TG  curve shows that there are three weight loss steps. The first step occurs 
between 155 and 255°C and has an estimated weight loss of 10.0%, which is assigned to the 
loss of one of the pyz molecules (theoretical loss of 11.4%). Again it is assumed that the 
monodentate pyz molecules w ill be released first. The rest of the observed weight loss 
(61.7%) can be attributed to the bridging pyz, PPh 3 molecules and gaseous P F 5 (6 6 .6 % ). The 
residual weight of 13.1% corresponds reasonably with the proposed CuF with a weight of 
11.7%.
The 1D coordination polymer 11 has a comparable composition pathway as polymer 10 (Table 
9). The first weight loss step between 25 and 110°C is again the loss of incorporated solvent 
molecules in the structure. The polymer then remains stable up to 190°C, after which a mass 
loss of 11.6% is observed. This is more than the theoretical percentage of 9.2%, but again this 
step shows some overlap with the last step(s) in the TG A  curve. These last steps are 
contributed to the removal of both PPh 3 groups and the escape of gaseous B F 3. The residual 
weight of 9.8% corresponds well with the theoretical percentage of 9.4% for CuF.
The thermal decomposition pathway for the 2D coordination polymers 19 and 21 is illustrated 
by the TGA , D TG  and D SC  curves of 21 in F igure 20. The numerical values of these thermal 
events are summarized in Table 10. Both crystal structures are already at room temperature 
losing solvent slowly. This can be seen in the weight loss percentages obtained from the TG A
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Figure 19 TGA, DTG and DSC curve o f 10.
measurement, which are much lower than the theoretical percentages. A t 109°C (19) and 
121°C (21) both polymers have lost all their solvent molecules. This first step is accompanied 
by a small endothermic peak in the DSC , immediately followed by an exothermic peak. This 
suggests that the structure rearranges itself to a more stable coordination polymer, but at this 
moment it is not known how it arranges or if  it even stays crystalline. After this step, it seems 
as if  both polymers decompose via a different pathway (Table 10). In the T G A  curve of 
polymer 21 show a large weight loss step between 165 and 348°C with a percentage of 47.1%. 
The D TG  curve shows that this step actually consists of two thermal events. The first step 
leads to a broad peak in the D TG  curve and suggests that it has not been completely finished 
before the second step. Also in the D SC  curve two endothermic peaks can be observed. The 
first one at 210°C is very sharp, the second one at 333°C is very broad. The observed weight 
loss step of 47.1% corresponds well to the tentative assigned fragments of 4,4’-bipy and PPh3,
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Table 9 TGA and DSC data for compound 7, 8, 10, 11.
Compound T rangea 
(°C)
%  Wt loss 
(Measured)
%  Wt loss 
(Calculated)
Fragment(s)
-O
et 
) 
£ 
o
oT T peakb 
(°C)
7 40 - 97 1 1 .2 12.9 CH2Cl2 57.4 97.8
105 - 148 5.9 6 .1 0.5 pyz 1 1 0 .6 135.4
148 - 198 6.2 6 .1 0.5 pyz 160.5 194.8
198 - 254 4.4 6 .1 0.5 pyz 2 2 0 .6 222.7
232.3 236.2
254 - 356 60.57 56.3 0.5 pyz + PPh3 + BF3 318.3 335.8
1 1 .8  (residue) 12.5 CuF
8 45 - 119 1 1 .2 1 1 .2 THF
119 - 147 5.4 6.2 0.5 pyz 108.6 137.4
147 - 196 6.2 6 .2 0.5 pyz 184.0 201.5
196 - 253 4.7 6.2 0.5 pyz 219.6 222.9
234.6 238.2
253 - 356 58.7 57.4 0.5 pyz + PPh3 + BF3 286.8 322.5
329.3 340.8
13.8 (residue) 12 .8 CuF
10 70 - 115 15.2 10.3 THF 95.6 107.5
155 - 255 10.0 11.4 pyz 166.4 167.0
255 - 356 61.7 66 .6 pyz +PPh3 + PF5 229.7 247.9
309.9 310.6
316.4 344.12
13.1 (residue) 11.7 CuF
1 1 25 - 110 10.5 13.7 CHCl3 88.9 10 1 .8
190 - 263 1 1 .6 9.2 pyz 232.3 238.5
263 - 347 6 8 .1 67.7 2 PPh3 + BF3 283.0 336.4
9.8 (residue) 9.4 CuF
a = measured by TGA, b = measured by DSC.
which have a percentage of 47.8%. The last step in the T G A  curve is very distinct and is 
assigned to the loss of the remaining 4,4’-bipy ligands and gaseous P F 5. The residue of 13.7% 
is slightly higher than the theoretical value of 9.4% for CuF.
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Figure 20 TGA, DTG and DSC o f the 2D coordination polymer 19.
Polymer 19 shows a small weight loss step of 10.7% between 160 and 254°C. It is tentatively 
assigned to the loss of half the amount of 4,4’-bipy ligands, which has a theoretical value of 
9.6%. Although there is no chemical difference between the 4,4’-bipy ligand in the crystal 
structure, it is uncertain if  they still have the same chemical connectivity after the assumed 
rearrangement. However, since both 19 as well as 21 show this exothermic event, it would be 
expected that both compounds rearrange to the same compound and, hence, they would give 
the same decomposition pathway. The next step in the TG A  curve o f 42.2% is assigned to the 
release of PPh 3 and gaseous B F 3, which has a theoretical weight loss of 40.4%. The final 
weight loss step for 19 is attributed to the loss of the remaining 4,4’-bipy molecules. This has 
a theoretical percentage of 19.1%, which matches well with the found percentage of 19.5%. A  
more detailed investigation into the decomposition pathways of the 2D coordination polymer
273
CHAPTER 7
19 and 20 with e.g. mass spectrometry coupled to the TG A  could shed some more light on the 
different weight loss steps.
Table 10 TGA and DSC data for compound 19 and 21
Compound T rangea 
(°C)
%  Wt loss 
(Measured)
% Wt loss 
(Calculated)
Fragment(s)
-O
et 
) 
£ 
o
oT T peakb 
(°C)
19 25 - 109 16.3 2 0 .8d 2 CH2Cl2 116.3c 118.4c
160 - 254 10.7 9.6 0.5 bipy 196.5 198.3
270 - 356 42.4 40.4 PPh3 + BF3 268.3 308.3
311.8 321.9
343 - 420 19.5 19.1 bipy 378.3 407.0
1 1 .1  (residue) 10 .1 CuF
2 1 25 - 121 13.6 19.4 2 CH2Cl2 74.3 106.5
1 1 2 .6c 115.7c
165 - 348 47.1 47.8 4,4-bipy + PPh3 208.6 210.4
289.6 333.2
335 - 430 25.5 23.3 0.5 4,4-bipy + PF5 399.0 415.7
13.7 9.4 CuF
a = measured by TGA, b = measured by DSC, c = exothermic peak.
7.6 Discussion of the Results
7.6.1 E ffe c t  o f  the  L in k e r
The overview presented in Tables 11-14 shows that via our conventional synthesis method the 
growth of large (that is suitable for single crystal diffraction) single crystals is hampered when 
the length of the linker ligand becomes too large. This could be overcome by adapting the 
crystallization methods in such a way that the compounds w ill react slower, for instance by 
crystallization in a gel medium.
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Table 11 Overview o f the reactions with pyz. Table 12 Overview o f the reactions with 4,4 ’-bipy.
b f 4- C1O4- PF6-
CHCl3
CH2C12
THF
Table 13 Overview o f the reactions with 1,4-dpb.
b f 4- C1O4" PF6-
CHCl3
CH2Cl2
THF
BF4- C1O4- PFg
CHCl3
CH2C12
THF
Table 14 Overview o f reactions with 3,4-bipy.
BF4" C1O4" PFfi
CHCI3
CH2CI2
THF
Legend for Tables 11-14
□ = Single Crystals
□ = Powder
□ = No Solid Material
□ = Solution-Mediated Phase Transition
□ = Diffusion of Et2O into solution
If  the crystal structure refinements of the structures with pyz and 4,4’-bipy are compared with 
one another, it can be noticed that the stability and quality of the single crystals becomes less 
(e.g. higher R1 values and more solvent disorder) with increasing linker length. W ith longer 
linker ligands, the size of the voids between the strands or sheets also increases. There is a 
strong tendency to incorporate more solvent molecules into these voids to avoid large open 
spaces. The 3,4-bipy ligand has a length in between that of pyz and 4,4’-bipy, but the different
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coordination direction of the nitrogen atoms leads to a different topology with large voids, 
which are also filled with solvent molecules. These solvent molecules are not very tightly 
bound in the structure and, upon isolation of the material from the mother liquid, tend to 
escape from the crystal leading to a (partial) collapse of the structure. It could perhaps be 
possible to reduce the size of the voids by using functionalized N-donor ligands, e.g. 38[27] and 
39[28] (C hart 2).
An advantage of increasing the linker length in this system of coordination polymers, is that 
the diversity in structures becomes larger. The polymers with pyz are only 1D, because the 
length of this ligand (2 .8 A ) is not long enough to overcome the bulkiness of the PPh3 ligands. 
The bipyridine ligand (7.1A) is longer than the P-C1-C3 distance of PPh 3 (5.5A) and this 
overcomes the bulkiness of PPh3. Hence, a 2D coordination polymer (19-21) is formed.
,N.
N
38
N
T
39
Chart 2 Possible 4,4’-bipyridine derivatives that could lead to more stable crystals o f coordination polymers.
7.6.2 E ffe c t  o f  A  n ion  a n d  S o lven t
In this chapter the crystal structures of the Cu/PPh3/N-donor system have been described, 
which have been prepared with coordinating anions (Section 7.2) and weakly-/non- 
coordinating anions (Section 7.4). The coordinating anions (halides and N O 3) are able to 
coordinate either in a monodentate or in a bidentate (bridging) fashion. In all structures in 
Section 7.2 the anions are bridging between two metal centers. This leaves two coordination 
places at each copper centre for the coordination of the N-donor ligand. The structures show 
the same chemical connectivity and polymer topology, even though they are prepared under
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different reaction conditions (solvent and starting materials). This shows that in these cases the 
coordinating anion is the controlling factor, since the solvent and linker length can be varied 
without a change in topology.
Although the anions used in Section 7.4 belong to the category of small and weakly 
coordinating anions, there are some differences between these anions. The B F 4- and C lO 4- 
anions have a tetrahedral geometry and molecular volumes of respectively 38 and 47 A 3.[29] 
The P F 6- anion has an octahedral geometry and consequently a larger molecular volume (54 
A 3). The effect of this is illustrated for the crystal structures of 7-9 versus 1 0 . In these four 
polymers the chemical connectivity and polymer topology are the same, but polymer 1 0  
crystallizes with a different packing of the strands. This might be due to the different geometry 
of the P F 6- anion. Furthermore, the larger molecular volume of the P F 6- anion is reflected in 
the unit cell volume of the crystal structures, which is at least 130 A 3 larger for 1 0  than for 7­
9. Another important difference lies in the coordination ability of the anions. The B F 4- and 
P F 6- anions have less coordinating abilities than the C lO 4- anion, because of the less basic sites 
of the former two anions.[30] Yet, only one coordination polymer is obtained with a 
coordinating anion (|[C u (PPh 3)(^-pyz)(OClO3)] • CH C l3}«  (14)). In other solvents this 
coordination site is not occupied by a perchlorate anion, but a monodentate pyz ligand. This 
suggests that the dominating parameter is not the weakly- or non-coordinating anion, but the 
type of solvent. This is further supported by the 2D grid polymers coordination polymers 19­
21, which are isostructural even though they are prepared with different anions. However, for 
the precipitates formed between the copper salts and 4,4’-bipy in TH F there is an effect 
observable between the anions. I f  the precipitates 22a to 24a are kept in solution for several 
days, a transformation into single crystals for 22a and 23a can be observed, but this does not 
occur for 24a. An explanation for these observations has not yet been found, but it has 
certainly to do with the anion, since this is the only difference between the reactions.
Whereas the anion seemed to have no influence on the topology with linear nitrogen donor 
ligand, it seems to have an influence with this asymmetric ligand. When the geometry of the 
anion is changed from tetrahedral (B F 4- and C lO 4-) to octahedral (P F 6-) the topology of the 
polymer is altered. The reaction between 3,4-bipy and [Cu(M eCN )2(PPh 3)2][C lO 4] in CH C l3 
and TH F gives isostructural polymers, which suggests that the solvent plays no important 
topological role. This is, however, a strong conclusion based on only two polymers.
277
CHAPTER 7
The influence of the solvent (in particular TH F) with linear N-donor ligands is also noticeable 
in the crystal structures of 22b and 23b. The topology of these 2D polymers seems to adapt 
the molecular structure of the solvent (pentagons). This is further supported by a reaction of 
the same system in toluene, which adopts a hexagon topology.[31]
Another observation is that the crystals of linear N-donor ligands with B F 4- and C lO 4- tend to 
be of a better quality that the crystals of P F 6-. This can be illustrated by the final R1-values of 
the refined crystal structures. The polymers 7-9 have final R1 values in the range of 3.6-5.1 % , 
whereas polymer 10 has a final R1 value of 9.9%. Also the 2D coordination polymer 21 has a 
higher final R1 value (~3% ) than the 2D polymers 19 and 20. This could be explained by a 
difference in the packing efficiency. The B F 4- and C lO 4- anions have a tetrahedral geometry, 
which matches with the coordination geometry around the copper atom. The P F 6- anion has an 
octahedral geometry, which could lead to more difficulties in occupying the space between the 
polymer strands. To obtain good quality crystals it could be possible that the anion has to be of 
a similar geometry as the coordination atmosphere around the metal center, to enhance the 
efficiency in packing. It is difficult, however, to prove that this is a general rule for 
crystallization. But, this difference in R1 values could also be attributed to difficulties in the 
refinement model for the P F 6 anion. This anion is known to have severe disorder in the 
fluoride atoms, which is often very difficult to describe adequately in the model. Furthermore, 
there seems to be no influence of the anion on the quality of the single crystals with 3,4’- 
bipyridine. The difference in the R1 values in the polymers 33-36 is not significant to back-up 
the earlier made statement about the importance of the geometry of the anion to match the 
geometry around the metal center.
Another reason for using [Cu(M eCN )2(PPh 3)3][X ] (X  = B F 4-, C lO 4- or P F 6-), which has not 
been mentioned in Section 7.1, is that the ligands of this copper(I) complex are quite labile to 
ligand substitution in solution. Our crystallization experiments show that this ligand 
displacement is solvent dependent. In the reactions with the solvent CH 2Cl2 and THF the 
starting compound loses, besides the M eCN  ligands, one of its PPh 3 ligands, which is replaced 
by a nitrogen donor ligand. W ith the exception of two reactions, both PPh 3 groups stay 
coordinated to the metal in C H C l3 . The first exception is the reaction between
** A search in the CSD did not yield enough of the same structures with the three different anions to create a 
reliable statistical analysis of the influence of anions on the quality of single crystals.
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[Cu(M eCN )2(PPh 3)2][P F 6] and pyrazine. Although no single crystals are obtained, analysis of 
the powder pattern, 1H  N M R  and elemental analysis suggest a composition of {[Cu(p,- 
pyz)(pyz)(PPh3)][P F 6] • CH C l3}»  (13), meaning that a PPh 3 group has been replaced with a 
pyrazine molecule. The other exception is the reaction between [Cu(M eCN )2(PPh 3)2][C lO 4] 
and pyrazine. In this reaction the PPh 3 group is replaced by an anion, which coordinates to the 
metal. This suggests that the binding affinity for copper(I) follows the trend O-donor ligands > 
N-donor ligands > P-donor ligands. However, since this is not observed in other reactions with 
the perchlorate anion, the binding affinity of ligands to the metal center must be also affected 
by other parameters. Yet, it is not known why this ligand replacement is less efficient in 
chloroform in comparison with dichloromethane and THF.
7.6.3 D ecom position  P athw ay based  on  TG A a n d  D S C
The thermal degradation process of the polymers {[Cu(p,-pyz)(pyz)(PPh3)][B F 4] • solv}«, 
(7: solv = CH 2C l2, 8 : solv = TH F) shows a stepwise loss of pyz ligands, which can partially be 
explained by the chemical composition of these polymers. In these polymers there are two 
types of coordinating pyz molecules. The first type is the bridging pyz ligand that is part of the 
backbone of the polymer. The second is a monodentate ligand that fills the coordination 
sphere of copper and interdigitates with another polymer strand. The monodentate pyz ligand 
is less strongly bound in the structure and it is assumed that this molecule w ill be lost first. A ll 
monodentate pyrazine molecules are equivalent to one another, so there is no structural reason 
why only half the amount of pyrazine molecules is released. This type of degradation process, 
in which only part of the symmetry and chemically equivalent molecules are lost, has been 
observed for other type of coordination polymers.[32] A  beautiful advantage of this stepwise 
degradation process is that it can serve as an excellent method to obtain pure products, which 
cannot be prepared via other synthesis methods. The 2D coordination polymer CuCl-pyz (36) 
consists of sheets build up out of CuCl chains connected by pyrazine (F igure 19). This 
polymer can be obtained as the phase pure product by using hydrothermal techniques, 
precipitation from an acetonitrile solution or by crystallization via standard gel methods.[33, 34] 
The 2D compound Cu2C l2-pyz (37) consists of CuCl double chains, which are connected with 
pyrazine in a similar way as in 36.[35] Unfortunately, the preparation of polymer 37 never 
yields large amounts of pure material. TG A  analysis of 36 shows a weight loss starting at
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O
Cu2C l2-pyz (37)
Figure 19 The 2D coordination polymer 36 releases half the amount ofpyrazine molecules when heated and 
undergoes a structural transformation to the 2D coordination polymer 37.
about 140°C corresponding with the removal of half the amount of pyrazine ligands from the 
structure. The result is a compound with the chemical composition CuCl-1/2pyrazine, which is 
of course the same as the chemical composition of 37. X-ray powder diffraction analysis of 
the “ decomposed” material of 36 showed that this polymer had converted into phase pure 
37.[34] This example shows that TG A  is not only suitable for the analysis of the thermal 
behavior of compounds, but that it also can serve as an alternative synthesis method via 
controlled thermal decomposition. Sim ilar stepwise degradation of comparable coordination 
polymer has been observed with other linker ligands, such as 4,4’-bipyridine[36] and 
substituted pyrazines[37], and pyrimidine[38] However, TG A  measurements on the 1D 
coordination polymer {(C u 2(PPh3)2(^-Cl)2(^-4,4’-bipy)}« (2) (Section 7.2) shows that the 
polymer is stable up to 190°C and then decomposes in a single step releasing both 4,4’- 
bipyridine and PPh3. There is no stepwise degradation or the selective loss of either 4,4’- 
bipyridine or PPh3.[11]
Apparently, there is a structural transformation during the decomposition of polymers 7 and 8 , 
but at this moment it is not yet clear how the structure changes. Clearly, the structure that 
forms must be thermodynamically more stable than when all monodentate pyz molecules are
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removed from the structure all in once. A t this moment it is not even known if  this material 
stays crystalline during heating. Temperature dependent powder diffraction could shed more 
light on this decomposition.
In Section 7.4 it was shown that the packing of the 1D strands of 10 is different (no 
interdigitation) and this is reflected in the thermal degradation process of this polymer. There 
is still a stepwise loss of the pyrazine ligand, but this does not happen with half amounts of the 
ligand. Apparently, in this polymer it is not beneficial to remove only parts of the pyz ligand. 
This clearly shows that the stepwise degradation process observed in some polymers is not so 
much dependent on the type of ligands used, but depends on the interchain interactions o f the 
polymer.
The thermal degradation process of all our coordination polymers starts with the loss of 
solvent molecules, which is not unexpected. These molecules are only bound via van der 
W aals interactions and, since these are the weakest interactions in the polymers, w ill be 
broken first. The second weight loss step in the polymers 7, 8 , 10 and 11 is the removal of the 
mondentate pyz molecule. In these polymers there are two moieties bound via one 
coordination bond to the copper atom; the monodentate pyz ligand and the PPh 3 group. 
Apparently, the Cu-P is stronger than the Cu-N bond, otherwise PPh 3 would be released 
before the pyz ligand. The bridging N-donor ligand is often released at the same temperature 
or in close proximity as the PPh 3 ligand. This is especially the case with polymer 19 and 21. 
This suggests that the bond strength for bidentate N-donor and P-donor ligands with copper(I) 
is roughly the same. So, a general trend for the decomposition of these types of polymers 
would be:
Solvent > N-donor (monodentate) > N-donor (bidentate) ~> P-donor
7.7 Conclusions
In the beginning of this chapter the question was raised whether or not it would be possible to 
predict the topology of coordination polymers based only on the molecular components. This 
requires knowledge and control of the influence of different parameters during the reaction.
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The reactions described in this chapter show that the dominating parameter can vary with the 
system that is studied. In the reactions with linear nitrogen donor ligands, the dominating 
parameter seems to be the solvent. W ith  a non-linear nitrogen donor ligand, the anion appears 
to direct the topology of the coordination polymers. This is also true for the polymers with 
coordinating anions, since the same topology is obtained no matter what the applied 
conditions are. Furthermore, thermal analysis of 7, 8  and 10 shows that these polymers 
decompose in a stepwise process. And that besides the topology of a coordination polymer, 
the interchain interactions between the individual strands is important for its decomposition 
pathway. The main conclusion and message from this work is that during the synthesis and 
interpretation of coordination polymers one might focus on the wrong parameters being held 
responsible for steering network formation and topology. In fact, for a rational design and 
understanding of new coordination polymer systems one should first systematically analyze 
the effect of all parameters in order to filter out those ones that really determine the desired 
network properties.
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7.9 Experimental
7.9.1 In stru m en ta tio n
'H NMR and 13C{1H} NMR spectra were recorded on a Bruker DPX-200 operating at room temperature. 
Chemical shifts are reported in ppm using the solvent peaks as a reference. Abbreviations used are: s = singlet, 
dd = doublet of doublets, ddd = doublet of doublet of doublets, m = multiplet, br. = broad. Coupling constants are 
reported as J-values in Hz. The 'H NMR spectra for the polymers were only used to obtain a ratio between the 
linker ligand and triphenylphosphine, which gave information about the dimensionality of the compounds in 
cases where no crystal structure could be determined. Positive ESI mass spectra were recorded on a LCQ
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Advantage MAX Thermo Finnigan. X-ray powder diffraction measurements were performed either on a Bruker 
D8 AXS Advance X-ray diffractometer equipped with a Vantec-1 detector or on a Philips PW 1820 Automatic 
Powder Diffractometer. The patterns were measured in reflection mode with Bragg-Brentano geometry using 
monochromatic CuKa radiation in the range from 2 to 50° 29. The scan speed and step size depended on the 
quality of the sample. Powder patterns were simulated with Cu Ka1 radiation in the range of 2 to 50° 2 9 with a 
step size of 0.02. Differential scanning calorimetry curves were obtained using a Mettler Toledo 822 DSC with a 
TSO 801R0 Sample Robot. The instrument was temperature calibrated using indium standards. The samples 
were scanned at 1°C/min from 25 to 450°C under N2 purge at 40 mL/min in pierced aluminum pans. 
Thermogravimetric analysis (TGA) was performed using a Mettler Toledo TGA/SDTA851e analyzer. The 
samples were scanned 1°C/min from 25 to 450°C under N2 purge at 70 mL/min in pierced aluminum pans. 
Derivative Thermogravimetric Curves (DTG) were obtained by plotting the first derivative of the TGA curve 
against the temperature. It represents the rate at which the mass changes and is used as a visual aid in the 
interpretation of TGA curves. Elemental analysis was performed on a Carlo Erba Instruments CHNS-0 EA1108 
Elemental Analyzer. In some cases the measured carbon value deviates from the calculated value, which could be 
due to the presence of phosphorus. It is known from literature that phosphorus can lead to deviations in the 
measured carbon values.[39]
7.9.2 M ateria ls
Pd(PPh3)4 was made according to a literature procedure.[40] The compounds [Cu(MeCN)2(PPh3)2][X] (X = BF4-, 
PF6-, Cl04-) were synthesized according to literature procedures by reacting [Cu(MeCN)4] [X] (X = BF4-, PF6-, 
Cl04-) with 2 equivalents of triphenylphosphine.[8, 41]
Attention: perchlorate salts are potentially explosive. Although we have not encountered any problems, care must 
be taken when handling these compounds.
7.9.3 Syn th esis  a n d  C haracterization
1,4-(dipyridyl)benzene (1,4-dpb)
To a solution of 3.7 g 1,4-dibromobenzene (15.7 mmol), 3.9 g 
4-pyridylboronic acid (2 eq., 31.7 mmol) and 7% Pd(PPh3)4 in 
100 ml degassed DME was added 7.2 g Na2C03 (4.3 eq., 67.9 mmol) in 30 ml degassed H20. The solution was 
stirred at 100°C overnight under a nitrogen atmosphere. After cooling down to r.t., the mixture was poured into 
100 ml H2 0  and extracted with 4 x 50 ml CH2Cl2. The organic layer was dried over Na2S0 4  and the solvent was 
removed. To the white residue was added 20 ml Et0Ac and the product was isolated by filtration. The white solid 
was washed with Et2 0 . Yield: 1.08 g (30 %); 1H NMR (CD2CL, 200 MHz): 5 = 7.57 (dd, 4H, 3J = 6.1 Hz, 4J =
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1.6 Hz), 7.79 (s, 4H), 8.65 (dd, 4H, 3J = 6.1 Hz, 4J = 1.6 Hz); 13C NMR (CD2Cl2, 50.3 MHz): 5 = 121.76 (4H),
128.00 (4H), 139.02 (2H), 147.54 (2H), 150.63 (4H); ESI-MS (m/z): 233 [M+H]+.
3,4-bipyridine (3,4-bipy)
To a solution of 2.2 g 4-pyridylboronic acid (17.9 mmol), 3.2 g 3-bromopyridine (2 
ml, 20.7 mmol) and 5% Pd(PPh3)4 in 100 ml degassed DME was added 3.2 g Na2C03 
(1.7 eq., 30.2 mmol) in 20 ml degassed H20. The solution was stirred at 100°C overnight under a nitrogen 
atmosphere. After cooling down to r.t., the mixture was poured into 100 ml H2 0  and extracted with 3 x 100 ml 
Et0Ac. The organic layer was washed with brine (2 x 100 ml). The organic layer was dried over MgS0 4  and the 
solvent was removed. The product was purified by column chromatography. The silica column was first eluted 
with a 10% Et3N / CH2Cl2 solution to reduce the acidity of the silica. The column is subsequently eluted with 
Et0Ac / CH2Cl2 (1 / 1) to obtain the starting materials. The oily product is isolated by eluting the column with 
10% Me0H / CH2Cl2. Yield: 1.2 g (43 %); 'H NMR (CDCl3, 200 MHz): 5 = 7.08 (ddd, 1H, 3J = 7.9 Hz, 4J = 4.8 
Hz, 4J = 0.8 Hz), 7.16 (dd, 2H, 3J = 4.5 Hz, 4J = 1.6 Hz), 7.58 (ddd, 1H, 3J = 7.9 Hz, 3J = 1.6 Hz, 4J = 2.4 Hz), 
8.33 (dd, 1H, 3J = 4.8 Hz, 3J = 1.6 Hz), 8.36 (dd, 2H, 3J = 4.5 Hz, 4J = 1.6 Hz), 8.54 (dd, 1H, 4J = 2.4 Hz, 4J = 0.8 
Hz); ESI-MS (m/z): 157 [M+H]+.
General procedure for the crystallization of the coordination polymers
To a solution of 0.4 mmol copper salt in 40 ml solvent (CHCl3, CH2Cl2 or THF) was added 2.5 eq. of ligand (1 
mmol) in 40 ml of the same solvent. The resulting mixture was left undisturbed for 24 - 48 hours after which the 
material was isolated. If there was no solid material present after this period of time, the solution was top-layered 
with diethylether for another 24 - 48 hours. After filtration the samples were dried for 15 min. on vacuum before 
characterization. Compounds 33-36 have only been identified by single crystal diffraction.
{[Cu(PPh3)(pyz)2][BF4] • CH2Cl2}n (7): Yield: 80 mg (30% based on copper). 1H NMR (DMS0-d6, 200 MHz): 
5 = 7.45 (br. m, 15H), 9.04 (br. s, 8H); Elemental analysis calculated for C27H25BCl2CuF4N4P: C 49.27, H 3.83, N 
8.52. Found: C 49.25, H 3.77, N 8.36.
{[Cu(PPh3)(pyz)2][BF4] • THF}n (8): Yield: 255 mg (99% based on copper). 1H NMR (DMS0-d6, 200 MHz): 5 
= 7.51 (br. m, 15H), 8.67 (br. s, 8H); Elemental analysis calculated for C30H31BCuF4N40P: C 55.83, H 4.85, N 
8.69. Found: C 56.30, H 4.76, N 8.51.
{[Cu(PPh3)(pyz)2][ClO4] • CH2Cl2}n (9): Yield: 60 mg (22% based on copper). Elemental analysis calculated for 
C27H25Cl3CuN40 4P: C 48.35, H 3.76, N 8.36. Found: C 48.20, H 3.69, N 8.27.
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{[Cu(PPh3)(pyz)2][PF6] • THF}n (10): Yield: 83.6 mg (30% based on copper). 'H NMR (DMSO-d6 , 200 MHz): 
5 = 7.48 (br. m, 15H), 8.73 (br. s, 8H); Elemental analysis calculated for C30H31CuF6N4OP2: C 51.25, H 4.44, N 
7.97. Found: C 51.11, H 4.62, N 7.02.
{[Cu(PPh3)2(pyz)][BF4] • CHCl3}n (11): After top-layering with Et2O a crystalline powder was isolated. Yield: 
210 mg (60% based on copper). 1H NMR (DMSO-d6 , 200 MHz): 5 = 7.39 (br. m, 30H), 8.66 (br. s, 4H); 
Elemental analysis calculated for C41H35BCl3CuF4N2P2: C 56.32, H 4.03, N 3.20. Found: C 56.41, H 4.01, N 
3.48.
{[Cu(PPh3)(pyz)i.s][ClO4] • THF}n (1 2 ) : A yellow crystalline material was isolated, but the crystals were 
unsuitable for single X-ray diffraction. Yield: 140 mg (23% based on copper). :H NMR (DMSO-d6 , 200 MHz): 5 
= 7.05 (br., m, 15H), 8.32 (br., s, 6H); Elemental analysis calculated for C28H29ClCuN3O5P: C 54.46, H 4.73, N
6.80. Found: C 54.24, H 4.68, N 6.60.
{[Cu(PPh3)(pyz)2][PF6] • CHCl3}n (13): A crystalline material was isolated, but the crystals were unsuitable for 
single X-ray diffraction. Yield: 20 mg (3 %  based on copper). :H NMR (DMSO-d6 , 200 MHz): 5 = 7.45 (br. m, 
15H), 8.67 (br. s, 8H); Elemental analysis calculated for C27H24Cl3CuF6N4P2: C 43.22, H 3.22, N 7.47. Found: C
42.80, H 3.14, N 7.38.
{[Cu(PPh3)(pyz)(ClO4)] • CHCl3}n (14): Yield: 40 mg (12.0% based on copper). Elemental analysis calculated 
for C23H20N2Cl4CuO4P: C 44.20, H 3.23, N 4.48. The crystal structure showed some disorder in the chloroform 
solvent molecule, which could indicate that this molecule is evaporating rapidly from the structure. Calculating 
the elemental analysis for {9 [Cu(PPh3)(pyz)(ClO4)] • 8 CHCl3}n gave a satisfactory match with the measured 
values. Elemental analysis calculated for C206H179Cl33Cu9N18O36P9: C 44.96 H 3.28 N 4.58. Found: C 44.97, H 
3.23, N 4.67.
{[Cu(PPh3)2(bipy)][BF4] • 4 CHCh}n (16): Yield: 290 mg (55% based on copper). 1H NMR (DMSO-d6 , 200 
MHz): 5 = 7.38 (br. m, 30H), 7.85 (br. s, 4H), 8.72 (br. s, 4H); A satisfactory elemental analysis could not be 
obtained, possibly because of rapid solvent loss.
{[Cu(PPh3)2(bipy)][PF6] • 4 CHCl3}n (17): Yield: 135 mg (25% based on copper); 1H NMR (DMSO-d6 , 200 
MHz): 5 = 7.27 (br. s, 4H), 7.44 (br. m, 30H), 8.14 (br. s, 4H); A satisfactory elemental analysis could not be 
obtained successfully, possibly because of rapid solvent loss.
285
CHAPTER 7
{[Cu(PPh3)2(bipy)][ClO4] • 4 CHCl3}n (18): A yellow material was isolated, but the crystals were unsuitable for 
single X-ray diffraction. Yield: 40 mg (8%  based on copper). :H NMR (DMSO-d6 , 200 MHz): 5 = 7.39 (br. m, 
30H), 7.85 (br. d, 4H), 8.74 (br. s, 4H); Elemental analysis calculated for C50H42Cl13CuN2O4P2: C 45.45, H 3.20, 
N 2.12. The powder pattern showed that the material had turned amorphous, which indicates that the solvent 
molecules are evaporating rapidly. Calculating the elemental analysis for {[Cu(PPh3)2(bipy)(ClO4)] • CHCl3}n 
gave a satisfactory match with the measured values. Elemental analysis calculated for C47H39Cl4CuN2O4P2: C 
58.61 H 4.08 N 2.91. Found: C 58.69, H 4.00, N 3.03.
{[Cu(PPh3)(bipy)1 S][BF4] • 2 CH2Cl2}n (19): After top-layering with Et2O single crystals were isolated. Yield: 
150 mg (46% based on copper). 1H NMR (DMSO-d6 , 200 MHz): 5 = 7.13 (br. m, 15H), 7.55 (br. s, 6H), 8.46 (br. 
s, 6H); Elemental analysis calculated for C35H31BCl4CuF4N3P: C 51.43, H 3.83, N 5.14. Found: C 52.53, H 3.75, 
N 5.23. The crystal structure showed some disorder in one of the dichloromethane solvent molecules, which 
could indicate that this molecule is only partly present in the structure. Calculating the elemental analysis for {4 
[Cu(PPh3)(bipy)15][BF4] • 7 CH2Cl2}n gave a satisfactory match with the measure values. Elemental analysis 
calculated for C ^ H ^ C Im C u F^ N ^ : C 52.46 H 3.86 N 5.28.
{[Cu(PPh3)(bipy)1.5][ClO4] • 2 CH2Cl2}n (20): Single crystals were isolated after top-layering the 
dichloromethane solution with Et2O. Yield: 160 mg (48% based on copper). Elemental analysis calculated for 
C35H31Cl5CuN3O4P: C 50.68, H 3.77, N 5.07. Found: C 50.86, H 3.64, N 5.25.
{[Cu(PPh3)(bipy)1.s][PF6] • 2 C ^CU n (21): Yield: 200 mg (57% based on copper). 1H NMR (DMSO-d6 , 200 
MHz): 5 = 7.46 (br. s, 6H), 7.50 (br. m, 15H), 8.13 (br. s, 6H); Elemental analysis calculated for 
C35H31 Cl4CuF6N3P2: C 48.05, H 3.57, N 4.80. Found: C 48.32, H 3.25, N 4.95.
{[Cu(PPh3)(bipy)15][BF4] • 1.33 THF}n (22b): Yield: 248 mg (28% based on copper). 1H NMR (DMSO-d6 , 200 
MHz): 5 = 7.51 (br. m, 15H), 7.93 (br. s, 6H), 8.76 (br. s, 6H); A satisfactory elemental analysis could not be 
obtained, possibly because of rapid solvent loss.
{[Cu(PPh3)(bipy)1.5][ClO4] • 1.33 THF}n (23b): Yield: 280 mg (30% based on copper); A satisfactory elemental 
analysis could not be obtained, possibly because of rapid solvent loss.
{[Cu(PPh3)2(3,4-bipy)][BF4] • 3THF}„ (33): Yield: 302 mg (72% based on copper).
{[Cu(PPh3)2(3,4-bipy)][ClO4] • 3CHCl3}M (34): Yield: 261 mg (54% based on copper)
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{[Cu(PPh3)2(3,4-bipy)][ClO4] • 3THF}„ (35): Yield: 255 mg (60% based on copper). 
{[Cu(PPh3)2(3,4-bipy)][PF6] • TH F}„ (36): Yield: 248 mg (64% based on copper).
7.9.4 C rystal S tru c tu re  D eterm ina tion
Single crystal diffraction was performed on a Nonius Kappa CCD single-crystal diffractometer (^ and a  scan 
mode) using graphite monochromated MoKa radiation. Intensity data were corrected for Lorentz and polarization 
effects. A semi-empirical multiscan absorption correction was applied (SADABS).[42] All structures were solved 
with the Patterson search methods (DIRDIF).[43] The structures were refined with the standard methods 
(refinement against F2 of all reflections with SHELXL97)[44] with anisotropic displacement parameters for the 
non-hydrogen atoms. The hydrogen atoms were placed at calculated positions and refined riding on the parent 
atoms.
Crystal Structures of 8 , 19, 20, 21 and 33-36. The crystal structures of 8 , 19, 20, 21 and 33-36 contain solvent 
and anion moieties, which are quite disordered. Since none of these molecules have two or three distinct positions 
it proved to be impossible to parameterize these disorders. Moreover, it could well be that the solvent molecules 
are only partially occupied: when exposed to air the crystals deteriorate rather rapidly.
Crystal Structure of 17. The crystal structure of 17 showed similar problems. The PF6 and four CHCl3 moieties 
are rather disordered and only partially occupied with occupancy factors of 0.89, 0.93, 0.81, 0.84 and 0.76 
respectively: when left exposed to air the crystals deteriorate rather rapidly. The moieties cluster together and fill 
the voids formed by the stacking of the complex. It proved to be impossible to further refine the disorder.
The main part of the structure of 16 is well-defined, but the CHCl3 solvent moieties are very disordered. Their 
geometry had to be constrained rather strictly and therefore the SQUEEZE procedure[45] was used to account for 
this electron density, resulting in four voids (57 A3, 53 A3, 1 1  A3 and 1 1  A3) with respectively 9, 7, 1 and 1 
electrons. This number of electrons is, hoever, too low to be a CHCl3 solvent molecule.
Crystal Structure of 10. The crystal structure of 10 contains a solvent moiety which is quite disordered. It 
proved to be impossible to parameterize this disorder satisfactorily and therefore the SQUEEZE procedure[45] was 
used to account for this electron density, resulting in a void of 165 A3 containing 32 electrons. From the synthetic 
route only THF or diethylether are possible, with 40 or 42 electrons respectively. From the overall shape of the 
electron density we assume that THF is present in the structure. Moreover, the THF is probably only partially 
occupied: when left exposed to air the crystals deteriorate rather rapidly. The closest contact to this void is N7, 
which probably explains the rather high anisotropic thermal displacement parameters of N7 (and of the other 
atoms in that particular ring). Trials to split up N7 resulted in an unstable refinement. All physical parameters 
have been calculated assuming the presence of a THF solvent molecule.
Crystal Structure of 14. The analysis of the crystal structure of 14 was severely hampered by the poor quality of 
the crystals. It proved to be impossible to find a crystal that was really suitable for data collection. In the end it 
turned out that parts of the structure show severe disorder. The geometry of the CHCl3 moiety is really bad and 
should be treated with care. Also the Cl04 part of the molecule shows anisotropic thermal displacement
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parameters which normally should be considered unacceptable. Attempts to parameterize this disorder resulted in 
unstable least-squares refinements. Attempts to solve the crystal structure while lowering the symmetry were 
fruitless. We realize that the results are sub-standard and that they should be treated with proper restraint. 
However, we are convinced of the correctness of the proposed molecular structure.
Crystal Structure of 22b. Although the crystal of 22b was kept submerged in oil during handling and at -65 °C 
during the measurements, it was still deteriorating during the data collection. A large part of the data had to be 
discarded afterwards and yet the Rint is rather poor, 11.0%. The main part of the structure is well-defined, but the 
THF solvent moieties are very disordered. Their geometry had to be constrained rather strictly and although the 
resulting geometries are not too bad, they certainly do not cover the electron density in the fourier map very well. 
Moreover, the structure contains large voids forming a channel running through the structure parallel to the a- 
axis. Therefore the SQUEEZE procedure[45] was used which detected voids with a total volume of 1266 A3 
containing 206 electrons. The THF moieties are rather close to this channel which probably explains the disorder. 
Crystal Structure of 23b. Also the crystal structure of 23b, which is isostructural to 22b, showed severe 
disorder in the THF solvent molecules. Their geometry had to be constrained rather strictly and the resulting 
geometries are very acceptable. The remaining electron density was very difficult to describe, therefore the 
SQUEEZE procedure[45] was used which detected two voids of 283 A3 each on the positions 0.0 0.0 0.0 and 0.5 
0.5 1.0. The total amount of electrons counted per unit cell is 57, which is slightly higher than the number of 
electrons for a THF molecule.
Additional relevant structural data is provided in Table 15.
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7 8 9 10 14 16
Crystal colour yellow yellow light yellow light yellow light yellow colourless
Crystal size [mm] 0 .5 0 x 0 .1 7 x 0 .1 5 0 .2 4 x 0 .2 0 x 0 .1 5 0.18x0 .11  xO.lO 0 .2 9 x 0 .0 4 x 0 .0 3 0.20x0 .11  x 0.07 0 .2 4 x 0 .2 4 x 0 .0 5
Empirical formula C 2 7 H 2 5 BCl2 CuF4N4P C 3 0 H 3 1 BCuF 4N4OP C 2 7 H 2 5 Cl3 CuN 4 0 4P C 3 0 H 3 1 CuF 6N 4 OP 2 C2 3 H 2 0 Cl4 CuN 2 O4P C 5 0 H 4 2 BCl1 2CuF4N 2P 2
Mw 657.73 644.91 670.37 703.07 624.72 1308.55
T [K] 208(2) 208(2) 208(2) 208(2) 208(2) 208(2)
Radiation, X [Ä] MoKa, 0.71073 MoKa, 0.71073 MoKa, 0.71073 MoKa, 0.71073 MoKa, 0.71073 MoKa, 0.71073
Crystal system Triclinic Triclinic Triclinic Triclinic Monoclinic Triclinic
Space Group P -1 P -1 P-l iM C2/c iM
a [A] 9.9318(12) 10.1515(9) 9.9525(12) 10.6227(4) 27.990(4) 12.8820(9)
b [A] 10.9980(8) 11.1543(17) 11.0093(11) 12.5763(16) 1 1 . 1 1 2 (6 ) 15.9637(15)
c [A] 14.4510(4) 14.5731(8) 14.5265(16) 14.1396(8) 17.2816(18) 16.7495(14)
a [ ° ] 99.617(5) 101.892(11) 99.609(6) 63.634(6) 90 67.131(8)
ß[°] 107.067(7) 106.289(6) 107.635(9) 72.594(4) 102.175(11) 89.524(5)
Y [°] 103.331(7) 104.671(11) 103.227(7) 74.095(6) 90 72.358(9)
Volume [A3] 1420.8(2) 1462.5(3) 1427.9(3) 1592.8(2) 5254(3) 3000.8(4)
Z, Dcalc [mg/m3] 2, 1.537 2, 1.465 2, 1.559 2, 1.466 8 , 1.580 2, 1.448
¡i [mm"1] 1.065 0.859 1.143 0.852 1.332 0.999
F(0 0 0 ) 6 6 8 664 684 720 2528 1320
9 range [°] 2.16 to 27.50 2.11 to 27.50 2.16 to 27.50 2.04 to 25.00 1.98 to 25.00 2.00 to 25.00
Index ranges h - 1 2  to 1 2 -13 to 13 - 1 2  to 1 2 - 1 2  to 1 2 -33 to 32 -15 to 15
k -14 to 14 -14 to 14 -14 to 14 -14 to 14 -12 to 13 -18 to 18
1 -18 to 18 -18 to 18 -18 to 18 -16 to 16 - 2 0  to 2 0 -19 to 19
Refl. collected /  Unique 33938/6520 32142/6642 33730/6528 29562/5597 32117/4619 56801/10479
Refl. Obs. ([Io>2o(Io)]) 5519 5109 5082 3245 3068 7450
Completeness to 29 25.00 (99.9%) 25.00 (99.1%) 25.00 (99.7%) 25.00 (99.8%) 25.00 (47.2%) 25.00 (99.1%)
Goodness-of-fit on F 2 1.054 1.081 1.084 1.031 1.028 1.085
F in a lR l,w R 2  [I>2o(I)] 0.0361,0.0785 0.0510,0.1036 0.0488,0.0841 0.0986,0.1951 0.0908, 0.2308 0.1181,0.2964
R l, wR2 (all data) 0.0478, 0.0846 0.0764,0.1142 0.0732,0.0921 0.1704,0.2247 0.1301,0.2590 0.1522,0.3149
pfin (max/min) [e.A"3] 0.963, -0.885 0.679, -0.456 0.995, -0.845 0.648, -0.471 2.406, -1.709 2.258, -1.005
Table 
15 
Crystal data 
and 
data 
collection param
eters for 
7-10, 14 
and 
16.
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Crystal color 
Crystal size [mm] 
Empirical formula 
Mw 
T [K]
Radiation, X [Ä]
Crystal system 
Space Group
a [A] 
b [A] 
c [A]
a [ ° ]
ß[°]
Y [°]
Volume [A3]
Z, Dcalc [mg/m3]
¡1 [m m "1]
F(000)
9 range [°]
Index ranges h 
k 
1
Refl. collected /  Unique 
Refl. Obs. ([Io>2o(Io)]) 
Completeness to 29 
Goodness-of-fit on F 2 
F in a lR l,w R 2  [I>2o(I)] 
R l, wR2 (all data) 
pan (max/min) [e.A"3]
17
light yellow 
0 .24x0 .21  x 0.07 
C 5 0 H 4 2 C11 2CuF6N 2 P 3 
1366.71 
208(2)
MoKa, 0.71073 
Triclinic 
P -1
12.8791(15)
15.598(3)
16.470(2)
63.679(10)
79.279(12)
80.168(14)
2899.2(7)
2, 1.566
1.069
1376
2.07 to 27.20 
-16 to 16 
- 2 0  to 2 0  
- 2 1  to 2 1  
41072/11444 
6325
27.20 (8 8 .6 %)
1.044
0.1009,0.2330 
0.1808,0.2729
1.089, -0.707
19
colorless /  light yellow 
0 .2 8 x 0 .1 5 x 0 .1 4  
C 3 5 H 3 1 BC14 CuF4N3P 
816.75 
208(2)
MoKa, 0.71073 
Monoclinic
P21/c
11.0271(15)
17.337(2)
19.9735(16)
90
102.459(8)
90
3728.6(8)
4, 1.455 
0.965 
1660
2.09 to 27.51 
-14 to 14 
- 2 1  to 2 2  
-25 to 25 
56095/8439 
5839
25.00 (95.6%)
1.060
0.0606,0.1249
0.0978,0.1434
0.0978,0.1434
20
light yellow 
0 .2 6 x 0 .2 4 x 0 .1 6  
C3 5 H 3 1 C15 CuN 3 0 4P 
829.39 
208(2)
MoKa, 0.71073 
Monoclinic
P21/c
11.0417(11)
17.3398(14)
19.8809(12)
90
102.275(6)
90
3719.4(5)
4, 1.481
1.031
1692
2.10 to 27.50 
-14 to 13 
- 2 2  to 2 2  
-25 to 25 
50235 /8370 
5751
25.00 (95.0%)
1.051
0.0649, 0.1344 
0.1032, 0.1531
1.523, -0.876
21
light yellow 
0 .2 9 x 0 .2 6 x 0 .2 5  
C 3 5 H 3 1 C14 CuF6N 3 P 2 
874.91 
208(2)
MoKa, 0.71073 
Monoclinic
P21/c
11.1330(14)
17.542(2)
20.2848(13)
90
103.652(6)
90
3849.5(7)
4, 1.510
0.987
1772
2.07 to 27.51 
-13 to 14 
- 2 2  to 2 2  
-25 to 26 
63830/8465 
5454
25.00 (94.0%)
1.052
0.0977, 0.2284 
0.1461,0.2588 
1.994, -1.030
22b
light yellow 
0 .15x0.13  x0.12
Ci isFl! 13B3Cu3F 12n 9o 4p  3
2229.10
208(2)
MoKa, 0.71073 
Monoclinic 
P21/a 
19.044(2)
23.6112(8)
26.174(4)
90
94.589(10)
90
11732(2)
4, 1.262
0.651
4612
2.02 to 25.00 
- 2 2  to 2 2  
-24 to 28 
-31 to 28 
64904/20614 
11855
25.00 (97.3%)
1.047
0.1009,0.2820 
0.1538,0.3106
1.008, -0.605
Table 
15 
C
ontinued. C
rystal data 
and 
data 
collection 
param
eters for 
17, 19-21, and 
22b.
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23b 33 34 35 36
Crystal color light yellow colorless colorless colorless colorless
Crystal size [mm] 0 .4 6 x 0 .3 6 x 0 .3 6 0 .2 8 x 0 .2 4 x 0 .1 9 0 .2 0 x 0 . 1 1  x 0.08 0 .2 8 x 0 .2 6 x 0 .1 7 0 .2 2 x 0 .1 4 x 0 .1 0
Empirical formula Cii9H1 2 iCl3CU3N901 7P3 C 5 8 H 6 2 BCuF 4N 2 0 3 P 2 C 4 9 H 41 Cl! 0 CuN 2 O 4 P 2 C5 8 H 6 2 C1CuN2 0 7 P 2 C 5 0 H 4 6 CuF 6N 2 OP 3
Mw 2339.13 1047.39 1201.82 1060.03 961.34
T [K] 208(2) 208(2) 208(2) 208(2) 208(2)
Radiation, X [Ä] MoKa, 0.71073 MoKa, 0.71073 MoKa, 0.71073 MoKa, 0.71073 MoKa, 0.71073
Crystal system Monoclinic Monoclinic Monoclinic Monoclinic Orthorhombic
Space Group P2xla P21/c P21/c P21/c Pcab
a [A] 19.039(3) 14.300(3) 19.034(4) 14.3365(10) 19.0455(15)
b [A] 23.6793(17) 18.7302(14) 16.284(3) 18.76(3) 19.2388(12)
c [A] 26.077(4) 22.717(4) 17.279(2) 22.7858(19) 24.4262(10)
a [ ° ] 90 90 90 90 90
ß[°] 94.572(11) 119.867(11) 92.493(12) 120.536(5) 90
y[°] 90 90 90 90 90
Volume [A3] 11719(3) 5276.4(13) 5350.4(15) 5278(7) 8950.1(10)
Z, Dcalc [mg/m3] 4, 1.326 4, 1.318 4, 1.492 4, 1.334 8 , 1.427
¡i [mm"1] 0.716 0.535 1 . 0 1 2 0.580 0.661
F(0 0 0 ) 4868 2192 2440 2224 3968
9 range [°] 2.02 to 25.00 2.07 to 27.50 2.05 to 27.50 2.08 to 27.50 2.12 to 25.00
Index ranges h - 2 2  to 2 2 -18 to 17 - 2 2  to 2 2 -18 to 18 - 2 2  to 2 2
k -28 to 28 -24 to 23 - 2 1  to 2 1 -24 to 24 - 2 2  to 2 2
1 -31 to 30 -24 to 25 -24 to 24 -25 to 25 -28 to 29
Refl. collected /  Unique 77970/18680 79093/11160 102116/12243 89572 / 12056 73357/7875
Refl. Obs. ([Io>2o(Io)]) 11965 6781 6464 8307 4703
Completeness to 29 25.00 (88.2%) 25.00 (91.7%) 25.00 (96.1%) 25.00 (96.4%) 25.00 (97.4%)
Goodness-of-fit on F 2 1.087 1.047 1.027 1.055 1.083
Final R l, wR2 [I>2o(I)] 0.0608,0.1617 0.0715,0.1735 0.1211,0.2861 0.0732, 0.1677 0.0762,0.1376
R l, wR2 (all data) 0.1015,0.1829 0.1300,0.2075 0.2082, 0.3371 0.1134,0.1881 0.1409,0.1614
pfm (max/min) [e.A"3] 0.843, -0.473 1.008, -0.739 3.606, -1.369 1.074, -0.801 0.894, -0.687
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CHAPTER 8
The Multiple Phenyl Embrace as a Synthon in 
Cu(I)/PPh3/N-donor Ligand Coordination Polymersf
Abstract
The Multiple Phenyl Embrace is a supramolecular motif comprised of phenyl-phenyl 
interactions, which can, like hydrogen bonds, form extended networks between molecules in 
the solid state. The analysis of 23 crystal structures of coordination polymers based on the 
Cu(I)/PPh3/N-donor ligand system showed that 71% of the independent M-PPh3 groups are 
involved in a six-fold phenyl embrace (6 PE ). Strong 6 P E  interactions are obtained when the 
geometry o f the PPh 3 group can be described as a rotor. The analysis of these groups showed 
that 83% of the PPh 3 groups have their phenyl groups in the rotor conformation. It is shown, 
however, that these good rotors are not necessarily involved in the 6 P E , and that the 6 P E  can 
also be formed by non-rotors.
In the Cu(I)/PPh3/N-donor ligand system the 6 P E  interactions form an independent 
connection (often) perpendicular to the backbone of the coordination polymer. In many cases 
the 6 P E  increases the dimensionality of the network formed between C u(I) and N-donor 
ligands. Therefore, the Multiple Phenyl Embrace seems to be a useful synthon for the crystal 
engineering of stable networks.
 ^This chapter was published. F. F. B. J. Janssen, R. de Gelder, A. E. Rowan, Crystal Growth and Design, 2011,
11, 4326-4333.
CHAPTER 8
8.1 Introduction
In C hapter 6 it was explained that the field of crystal engineering aims at gaining control and 
understanding of non-covalent interactions in crystalline materials. The most important way 
to achieve this understanding is by analyzing crystal structures in the Cambridge Structural 
Database (C SD ) for structural motifs. Although there are many different types of non- 
covalent interactions that can form structural motifs (e.g. van de W aals forces and aromatic 
interactions) the hydrogen bond is probably the most studied. Its strength and directionality 
leads to the formation of networks with well-understood motifs. Another important 
intermolecular interaction in supramolecular chemistry is the interaction between aromatic 
rings, but its supramolecular motifs are less well understood. The face-to-face interaction 
(C hart 1a), also known as stacking, is the most encountered orientation between aromatic 
rings. Other synthons found with aromatic rings are the edge-to-face and vertex-to-face type 
of interactions (C hart 1b a n d  c ).[1] When phenyl rings are involved in multiple aromatic 
interactions, like in structures containing PPh 3 moieties and [PPh4]+ cations, we deal with 
Multiple Phenyl Embraces (M PEs), which is the subject of this chapter.
<G> A  — A /—\
V ^  V
a b c
Chart 1 Different interactions between phenyl rings. a) face-to-face, b) edge-to-face, c) vertex-to-face.
The Multiple Phenyl Embrace (M P E ) or more generally Multiple Aryl Embrace (M A E ) was 
first described in 1995 by I. Dance and M . L. Scudder.[2] It is a supramolecular motif 
comprised of a set of concerted phenyl-phenyl attractions between X Ph 2, X Ph 3 and X Ph 4 
peripheral groups (X  = any atom with a tetrahedral geometry).[3, 4] Detailed studies of
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compounds with peripheral PPh 3 groups have revealed different types of M PEs depending on 
the number of phenyl groups involved: four-, six-, eight-, and twelve-fold phenyl embraces 
(abbreviated with 4PE, 6 PE , 8P E  and 12PE respectively). The 6 P E  is the most common 
structural motif and has been investigated in great detail. It consists of a concerted cycle of six 
edge-to-face interactions (Figure 1a).[2] Calculations of the interaction energy show that the 
strength of the 6 P E  lies between 50-80 kJ/mol, which is comparable with very strong 
hydrogen bonds and the weaker coordination bonds.[5] The other commonly encountered 
motif is the 4PE, which is mostly found in compounds containing phosphonium cations. The 
4PE can be divided into two types depending on the orientation of the interacting phenyl 
groups. The orthogonal 4PE (Figure 1b) consists of four phenyl rings that are engaged in four 
edge-to-face interactions. In the parallel 4PE (not shown) the phenyl rings have two offset 
face-to-face interactions and two edge-to-face interactions.[6]
Figure 1 The two most common encountered types o f phenyl embraces. a) six-fold phenyl embrace (CSD 
refcode: ACRHCP). Cu, green; P, yellow; C, black; covalent bond, bronze. b) four-fold phenyl embrace (CSD 
refcode: DEMYEZ02). P, green; C, grey; covalent bond, bronze.
Although the M P E  has been extensively studied for crystal structures containing M-PPh3 and 
[PPh4]+ moieties, it can also be found between substituted phenyl[7], fluorinated phenyl 
groups[8], derivatives of the phosphonium cation[9], bipyridine complexes[10] or any other 
molecule that contains multiple phenyl groups.[11]
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8.1.2 A im  o f  th is C hapter
In this chapter the occurrence of the M ultiple Phenyl Embrace in coordination polymers based 
on the Cu(I)/PPh3/N-donor system (described in C hapter 7) are studied. The M PEs are of a 
strong attractive nature and they could, therefore, dominate solid state structures, which might 
lead to the formation of networks in one, two, and three dimensions.[12, 13] The possibility of 
using this M P E  as a supramolecular synthon in these polymers is discussed in terms of the 
probability of its occurrence. Steiner argued that in general the occurrence of the M P E  is very 
low and that, according to him, it is not a very good synthon.[3]
The analysis of the polymers w ill mainly focus on the 6 PE , which is the most common type of 
embrace. The first stage of the analysis comprises the search for intermolecular P-P distances 
and M-P— P-M colinearities, which are parameters that can identify the presence of a 
Multiple Phenyl Embrace (Section 8.2.1). The second stage is to describe the intramolecular 
geometry of the PPh 3 group, which tells us something about the strength of the embrace 
(Section 8.3). In Section 8 .4  the supramolecular motifs of the Multiple Phenyl Embrace in our 
coordination polymers are discussed.
8.2 Analysis of the Crystal Structures
8.2.1 Id en tify in g  the  In term o lecu la r  In teractions
In Figure 2 a scatterplot is shown of the intermolecular P-P distances in the range of 6.0 to 
10Á versus the M-P— P-M co-linearity (half the sum of the M -P— P and P — P-M angles) in 
the range of 0-180° as found in the 23 crystal structures described in C hapter 7 (in Section 8.5  
a summary of the analyzed compounds is given). The criteria for a 6 P E  are a P-P distance in 
the range of 6.0-7.5Á and M-P— P-M colinearities between 160-180°.[2] Figure 2 clearly 
shows an island of 24 points falling within the range of these criteria (red oval). The other 
points in Figure 2 have not been analyzed in detail, but the majority of these points do not 
represent an interaction between the phenyl rings, because either the P-P distance is too large 
and/or the M-P— P-M colinearity is too small.
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P — P  distance (Ä )
Figure 2 Scatterplot o f the intermolecular interaction between PPh3 groups. The red oval captures the points 
that represent the 6PE. The majority o f the other points do not represent a phenyl-phenyl interaction.
8.2.2 In tra m o lecu la r  G eom etry o f  the  P P h 3 Group
The strength of the 6 P E  is determined by the P-P distances between the PPh 3 groups and the 
geometry of the phenyl rings around the phosphorous atom. The strongest phenyl embraces 
are obtained when the PPh 3 group has three-fold symmetry (perfect rotor), however, there are 
very few examples of PPh 3 groups with this perfect three-fold symmetry.* Therefore, the 
criteria for rotor symmetry have been expanded in such a way that a 6 P E  formed by these 
groups still have a very strong interaction and approach an ideal situation. A  good rotor has 
been defined as a PPh 3 group with the three M-P-Cipso-C torsion angles lying in the range of
20-70° and of the same sign (in Section 8 .6  the analysis of this intramolecular geometry is 
explained in more detail).[14]
J An example of a 6PE with three-fold symmetry can for instance be found in the crystal structure with the CSD 
refcode VEDZOT.
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Dance and Scudder analyzed 8663 independent M-PPh3 groups (in 5089 crystal structures) for 
the presence of these good rotors. They found that about 40% (3462 M-PPh3 groups) had a 
good rotor conformation 1^41, and furthermore that only 36 out of the 5089 structures have one 
or more M-PPh3 groups possessing exact three-fold symmetry (0.7%).
W e have analyzed 23 crystal structures, which have a total of 33 independent M-PPh3 groups. 
O f these 33 M-PPh3 groups, 27 can be described as having good rotor symmetry (82%). Two 
of the M-PPh3 groups can be considered to be of the flipper conformation (see Section 8 .6  for 
the definition and Section 8.3 for more details)[14] and four M-PPh3 groups are too ill defined 
to be labeled.
8.3 Predictability of the Multiple Phenyl Embrace
The analysis performed in the previous section could tell us something about the chance that 
an M-PPh3 group is involved in a 6 PE. A  question one could ask is whether or not a 6 P E  is 
always associated with PPh3 groups with good rotor symmetry? The answer, based on our 23 
crystal structures, has to be negative. O f the 33 independent PPh 3 groups only 24 form a 6 P E  
(71%), and only 20 have good rotor symmetry (83%). The isostructural 1D coordination 
polymers 7, 8  and 9 form a 6 PE, but the T 1 values are slightly lower than the requirement of 
20° for a good rotor (Table 1). The same is seen for the 1D coordination polymer 14, although 
the T 1 value deviates more from the 20° than the T 1 values in the polymers 7-9.
Table 1 M-P-Cipso-C torsion angles (°) o f the polymers that form a 6PE, but 
do not have a good rotor symmetry.
Torsion Angle 7 8 9 14
T1 17.55 18.62 18.40 12 .6 8
t 2 48.34 42.96 47.42 40.85
T3 49.42 44.86 50.97 54.05
O f course the aforementioned question can also be reversed; does a good rotor always form a 
6 P E ? Again the answer has to be negative, but less negative since of the 33 independent PPh 3
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groups, only 9 do not form a 6 PE. The analysis of the geometry of these PPh 3 groups shows 
that 7 out of the 9 groups (21% ) have good rotor symmetry ( Table 2). The 1D coordination 
polymer 10, which has the same connectivity as 7-9, but crystallizes in a different packing, 
has a symmetric rotor. Symmetric rotors are PPh 3 groups, which have T 2-T1 and T 3-T2 values 
in the range of 0-20° (Table 2). The geometry o f this PPh 3 groups is almost ideal for a very 
strong 6 PE , but the packing of the polymer in the crystal structure of 10 does not allow for the 
PPh 3 groups to approach each other in the right direction. Clearly, the geometry of the PPh 3 
alone is not decisive for the presence of a 6 PE.
Table 2 M-P-Cipso-C torsion angles (°) o f the PPh3 groups with good rotor symmetry, but that do
not form a 6PE. The values o f T2-T1 and T3-T2 are only given for symmetric rotors.
Torsion Angle 10 16 17 22b 22b 23b 23b
Ti -31.87 20.67 25.28 29.11 48.24 41.44 -28.30
T2 -34.65 43.08 32.77 51.37 50.69 48.80 -54.23
T3 -41.88 62.98 69.24 53.55 41.01 53.48 -58.29a
T2-T1 -2.78 2.45 7.36
T3-T2 -7.23 -9.68 4.68
a This PPh3 group has a disorder in one of the phenyl groups. The M-P-Cipso-C torsion angle for 
the other orientation of the phenyl ring is -40.75°.
The 1D coordination polymers 16 and 17 have two independent PPh 3 groups per copper atom. 
Although both PPh 3 groups have good rotor symmetry, only one of these groups is involved 
in a 6 P E  (Table 2). The other exceptions are the 2D coordination polymers 22b and 23b, 
which have three crystallographic independent copper atoms per asymmetric unit. Two of 
these independent PPh 3 groups have good rotor symmetry (one of them is almost ideal), but 
neither of them are involved in a 6 P E  (Table 2). The third independent PPh 3 group has a 
different geometry as can be seen in Table 3 . The T 1 and T 3 torsion angles have the same sign, 
but the T 2 torsion angle is of the opposite sign. Furthermore, none of the torsion angles fall 
within the criteria set for a good rotor. Another conformation of the PPh 3 groups is the flipper
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Table 3 M-P-Cipso-C torsion angles (°) o f one 
o f the PPh3 groups o f 22b and 23b, which are 
o f the flipper conformation.
Torsion Angle 22b 23b
T1 -13.89 -16.67
t 2 19.19 16.14
T3 -78.69 -76.69
conformation. 1^2, 14] The criteria for a flipper conformation is that one of the |Ti| values is 
either between 0-20° or 70-90° and the Ti values for the mirror-related rings differ in 
magnitude by nor more than 20°.[14] The values o f the mirror-related T 1 and T 2 torsion angles 
differ by 5.3°, which is well within the range of 0-20°. This flipper conformation could 
indicate that this PPh 3 group is involved in a 4PE, but this has not been investigated.
8.4 Networks Based on the Multiple Phenyl Embrace
As mentioned before, the 6 P E  is a supramolecular motif, which could lead to the formation of 
networks in one, two, and three dimensions. W ith  our type of coordination polymers it is 
possible that the M P E  interactions lie in a different direction than the backbone of the 
coordination polymer and that it thus increases the dimensionality of the total network. 6^, 13, 15] 
In this section we w ill describe the topology of the 6 P E  network in the different crystals. O f 
the 23 examined crystal structures only three structures do not form a 6 P E  at all. These are the 
2D pentagon structures 22b and 23b and the 1D coordination polymer 10 (see Chapter 7).
8.4.1 1D  C oordination P olym ers w ith  O ne M -P P h 3 Group
Analysis of the compounds with a single M-PPh3 group (C SD ) showed that they form in 
about 25% of the cases a 6 P E .[12] Our in-house database consists of 17 structures with a single 
PPh 3 group per copper atom and 14 of these PPh 3 groups form a 6 P E  (82%). It has to be 
remarked that our database is of course much smaller and less diverse than the database 
collected from the CSD.
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The 1D coordination polymers 2-6 are isostructural and w ill have the same intermolecular 
interactions. The 1D coordination polymer 1 has the same connectivity, but crystallizes in a 
different space group. Nevertheless, these polymers show the same type of topology created 
by the 6 P E  (F igure 3). Figure 3a shows a view  of the crystal structure along the backbone of 
the coordination polymer, and it shows that the 6 P E  forms linear columns. The P-P distance 
in 2-6 lies between 7.04 and 7.15Á (Table 4). The P-P distance in 1 is slightly shorter 
(6 .8 8 Á ), which could be attributed to the shorter linker ligand, which induces a shorter 
interchain separation of the polymer strands. When viewed from a different direction it can be 
seen that these interactions are perpendicular to the backbone of the coordination polymer 
(Figure 3). I f  the interactions of both the coordination bonds and the 6 P E  are combined the 
network can be described as having a 2D grid-like topology.
Figure 3 a) The Multiple Phenyl Embrace forms an intermolecular link between different strands o f 1. b) 
The Multiple Phenyl Embrace is perpendicular to the polymer backbone and creates a 2D network grid if  
this intermolecular interaction is combined with the chain topology o f the coordination polymer. This 
structure is representative for the polymers 1-6. The polymer backbone is grey and the PPh3 groups are 
red.
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Table 4 P-P distances (Á) and the M-P—P-M colinearities (°) for 1-6.
1 2 3 4 5 6
P-P distance 6.88 7.15 7.11 7.11 7.04 7.13
Colinearity 175.88 174.38 172.92 170.73 171.72 171.77
Figure 4 a) The Multiple Phenyl Embrace forms an intermolecular link between different strands o f 7. b) The 
Multiple Phenyl Embrace propagates perpendicular to the backbone o f 7 creating a 2D network with grid 
topology. The polymer backbone is grey, the PPh3 groups are red.
The 1D coordination polymers 7-9 are structurally very similar to the 1D coordination 
polymers 1-6. The 6 P E  is again perpendicular to the polymer backbone (F igure 4a). 
Combining the network of the 6 P E  with the coordination backbone leads to an overall 2D 
topology (Figure 4b). The P-P distance is comparable to the P-P distance in the polymer 2-6 
(Table 5). The 1D coordination polymer 14 has a similar topology as the polymers 7-9, 
although the monodentate pyz has been replaced with a coordinating anion. The 6 P E  is again 
perpendicular to the backbone of the coordination polymer and creates an overall 2D 
topology. The P-P distance is slightly shorter than this distance in 7-9. The M-P— P-M
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colinearity in 14 is much smaller than in 7-9. The coordination perchlorate anion in 14 forces 
the polymer to pack in a different way, creating slightly different interchain interactions.
Table 5 P-P distances (Ä) and the M-P—P-M colinearities (°) for 7-10, 14 and 15.
7 8 9 14 15
P-P distance 7.03 7.16 7.03 6.90 6.98
Colinearity 171.46 171.11 171.14 165.18 172.95
The preferred coordination geometry o f a metal atom is very important for the directionality 
of the intermolecular interactions. The above examples all have copper(I) as a metal, which 
prefers a tetrahedral coordination geometry. Although silver has a flexible coordination 
number, it prefers being two-coordinated with a linear geometry. This can be seen in the 0D 
complex 15 (Figure 5). The PPh 3 group is involved in a 6 PE , but it is not perpendicular to the 
backbone of the complex. The PPh3 group lies in the same plane as the linker ligand and thus 
becomes this 0D complex a 1D polymer with respect to the Multiple Phenyl Embrace.
Figure 5 The 0D dinuclear complex 15 becomes a 1D polymer via the Multiple Phenyl Embrace. The polymer 
backbone is grey, the PPh3 groups are red.
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Figure 6 The coordination polymer 17 has two PPh3 groups per copper atom. Only one o f the PPh3 groups is 
involved in a 6PE. The polymer backbone is grey, the PPh3 group in the 6PE and the P atom o f the other PPh3 
group are red.
Table 6 P-P distances (A) and the M-P—P-M colinearities (°) for 16 and 17.
16 17
P-P distance 6.73 6.67
Colinearity 173.20 179.52
8.4.2 1D  C oordination P olym ers w ith  a M -(P P h 3) 2 G roup
The 1D coordination polymers 16 and 17 have two PPh 3 groups per copper atom. Only one of 
these groups is involved in a 6 P E  and forms a connection between different strands. The zig­
zag motif of the coordination polymer backbone prohibits both PPh 3 groups of being involved 
in the 6 P E  simultaneously. The P-P distances in these polymers are short compared to the 
previously mentioned polymers indicating a strong interaction in this polymer. Again the 6 P E  
interactions are in line forming linear columns.
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Figure 7 In 33 both PPh3 groups are involved in the 6PE. a) The density o f 6PEs between the polymers 
strands creates a strong interaction. b) The zig-zag motif o f the 6PE. This is representative for 34-36. The 
polymer backbone is grey, the PPh3 groups are red.
The 1D coordination polymers 33-36, which have non-linear N-donor ligands, also have two 
PPh 3 groups per copper atom. But in these polymers both PPh 3 groups are involved in a 6 PE. 
This creates large density of 6 P E  interactions (Figure 7a). The P-P distances are again very 
short indicating a strong interaction. Viewing along the direction of the backbone of the 
coordination polymer shows that the 6 P E  propagates via a zig-zag motif.[12]
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Table 7 P-P distances (A) and the M-P—P-M colinearities (°) for 33 -36.
33 33 34 34 35 35 36 36
P-P distance 6.55 6.70 6.54 6.77 6.66 6.47 6.58 6.58
Colinearity 177.50 178.26 174.14 170.62 178.61 177.46 179.69 178.66
8.4.3 2D  C oordination Polym ers
The 2D coordination polymers 19-21 have one PPh3 group per copper atom. In Figure 8a  the 
individual 2D coordination grids are each given a different color. If  we focus on the blue 
polymer, we see that this grid is connected to the green grid via a 6PE. The red polymer is 
interwoven between the blue and green polymer, and is connected to the violet and yellow 
polymers via again the 6PE.
If  the copper atoms in this plane are schematically connected with one another via both the N- 
donor linker ligands as well as the 6PE, a hexagon topology is formed (F igure 8b). The blue 
lines in this schematic representation are formed by the blue and green polymers in Figure 8a. 
The red lines are formed by the violet, red and yellow coordination polymers from Figure 8a. 
The schematic representation shows clearly that the blue and red lines form two independent 
networks, which are interpenetrating (see C hapter 6  for definition). The overall topology o f 
this network becomes 3D; this is a combination o f the 2D coordination and the 1D M PE 
network. The P-P distances in 19-21 are very short, although the length in 21 is somewhat 
longer than the distance in 19 and 20. The M -P---P-M  colinearity in 21 is also larger than in 
19 and 20. So, although the polymers are isostructural, the different geometry o f the anion 
(octahedral versus tetrahedral) induces slight differences in the interchain interactions and, 
hence, in the strength o f the 6PE.
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b)
Figure 8 a) The packing o f the 2D coordination polymer via the 6PE. Each 2D coordination grid has been given 
a different color. b) Schematic representation o f the interpenetration o f the 2D coordination polymer via the 
6PE.
Table 8 P-P distances (Ä) and the M-P—P-M colinearities (°) for 19-21.
19 20 21
P-P distance 6.31 6.31 6.65
Colinearity 167.64 167.90 170.40
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8.5 Conclusions
The analysis o f 23 coordination polymers o f the Cu(I)/PPh3/N-donor system with 33 
independent M -PPh3 groups shows that 24 o f these M -PPh3 moieties are involved in a 6PE 
(71%). This high percentage indicates that the 6PE is a good synthon for our type of 
coordination polymers, in contrast to the general observation for this interaction based on an 
analysis o f the CSD. It is shown that the geometry o f the PPh3 group alone is not decisive for 
the presence o f a strong interaction. The specific packing o f a polymer can still hamper the 
formation o f a strong M ultiple Phenyl Embrace, showing that the M PE is not a dominant 
interaction. Although it is not possible to predict a  p r io r i the presence/absence o f the 6PE, the 
specific orientation o f the PPh3 group in our system seems to facilitate the formation o f 6PE 
interactions perpendicular to the backbone o f polymers formed by Cu(I)/N-donor ligand 
interactions. The advantage o f this situation is that in general such a perpendicular interaction 
increases the dimensionality o f the overall network. Therefore, the main conclusion is that the 
M ultiple Phenyl Embrace seems to be a very useful synthon for increasing the stability of 
coordination polymers once the system is properly chosen.
8.6 Experimental
8.6.1 C rystal S truc tures
In this chapter 23 crystal structures of coordination polymers based on the Cu/PPh3/N-donor system (described 
in Chapter 7) have been analyzed. For convenience, the compounds, the numbering scheme and CSD refcodes 
(if appropriately) are summarized once more; {(Cu2(PPh3)2(^-Cl)2(^-pyz)}« (1) (RINLOP), {(Cu2(PPh3)2(^- 
ClMM,4’-bipy)}M (2) (ROQDIK), {(^(PPhsM ^-BrM M ^’-bipy)}« (3) (SIPYAS), {(^(PPhsM M M ^- 
4,4’-bipy)}« (4) (IKETEX01), { ^ (P P h sM M M M ^ ’-bipy)}« (5) (LONKUU), {Ag2(PPh3)2(^-ONO2)2(^- 
4,4’-bipy)}« (6) (LONLAB), {[Cu(^-pyz)(pyz)(PPhs)][BF4] • Œ 2CU« (7), {[Cu(^-pyz)(pyz)(PPh3)][BF4] • 
THF}« (8), {[Cu(^-pyz)(pyz)(PPhs)][ClO4] • C^C^}« (9), {[Cu(^-pyz)(pyz)(PPh3)][PF6] • THF}« (10), 
{[Cu(PPh3)(^-pyz)(OClOs)] • CHCls}« (14), ^ (P P h s M M ^ ’-bipyWClO^ (15) (LONKOO), { [ C u ^ M ^ -  
bipy)] [BF4] • 4CHCls}« (16), {[Cu(PPhs)2(^-bipy)][PF6] • 4CHCls}« (17), {[CutPPhsX^-bipyVsHBFJ • 
2 CH2Q 2}« (19), {[Cu(PPh3)(^-bipy)i.5][ClO4] • 2 CH2Q 2}« (20), {[C^PPhsX^-bipyVs]^] • 2 CH2Q 2}« (21), 
{[Cu(PPh3)(^-bipy)i.s][BF4] • 1.33THF}n (22b), {[Cu^X^-bipyVsHClOJ • 1.33THF}n (23b),
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{[Cu(PPh3)2(3,4-bipy)][BF4] • 3THF}m (33), {[Cu(PPh3)2(3,4-bipy)][ClO4] • 3CHCl3}m (34), {[Cu(PPh3M3,4- 
bipy)][ClO4] • 3THF}m (35), {[Cu(PPh3M3,4-bipy)][PF6] • THF}m (36).
8.6.2 C rystal S tru c tu re  A na lysis
The crystal structures were analyzed via an in-house database using the program PreQuest.[16] The software
Conquest[17] was used to search the crystal structures for P-P interactions up to 10.0A and M-P----- P-M
colinearities (half the sum of the M-P—P and P—P-M angles) in the range of 0-180°. The results are 
summarized in a scatter plot (Figure 2).
The intramolecular geometry of the PPh3 groups was determined by selecting the three M-P-Cipso-C torsion 
angles (T;, i = 1-3), which lie in the range -90 to +90° and ordering them in such a way that Ti < T2 < T3. The 
criteria for good rotor symmetry are that the three M-P-Cipso-C torsion angles lie in the range of 20-70° and are 
of the same sign. Symmetric rotors have T2 - T1 and T3 - T2 values between 0 - 20°.
Finally, the structures have been analyzed in the terms of the topology formed by the PPh3 groups, which 
participate in a 6PE (Section 8.4).
Figure 9 Labeling scheme o f the atoms used for the torsion angles TI - T3.
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APPENDIX
Synthesis of Salen Ligands Suitable as Functionalized 
Building Blocks for Metal-Organic Frameworks
Abstract
The conversion o f salen based complexes into building blocks for functional Metal-Organic 
Frameworks requires specific chemical modification o f the ligand. The precursors for these 
modified salen ligands are not commercially available and their synthesis is described in this 
chapter. The synthesis o f 3-formyl-4-hydroxybenzoic acid (1) can be achieved in one step. 
The preparation o f two other precursors (2-hydroxy-5-(pyridine-4-yl))benzaldehyde (9a) and 
a tert-butyl derivative (9b) required several steps, because o f the need for introducing 
protecting groups on the hydroxy group. These modified aldehydes were subsequently used in 
the condensation reaction with 1,2-diaminobenzene or 1,2,4,5-tetraaminobenzene for the 
synthesis o f functionalized salen ligands that could be used for the design o f new Metal- 
Organic Frameworks.
APPENDIX
A.1 Introduction
From an industrial point o f view heterogeneous catalysts have several advantages, which 
would make them more preferential than their homogeneous counterparts. This is mainly the 
easy separation from the reaction mixture, that prevents expensive additional work-up steps, 
and an increase in stability. This makes recycling, reuse and the longer life o f the catalyst an 
attractive industrial goal, since the overall catalyst is easier and cheaper to use. Furthermore, 
heterogeneous catalysts are even amenable to continuous flow reactors. In spite o f these 
advantages most heterogeneous catalysts cannot compete with homogeneous ones in terms of 
reaction rate and enantioselectivity. Current studies are focused on immobilizing these 
catalysts on different types o f solid-state supports with the aim o f creating catalysts as 
efficient as their homogeneous analogues.[1-3]
A .1 .1  Syn th esis  a n d  A pplica tions o f  the  Sa len  L ig a n d
Salen based ligands and complexes have been known for over a century and have been a 
subject o f study ever since.[4, 5 6] This interest can in part be attributed to the facile reaction 
conditions (Schem e  1). The condensation reaction between an aldehyde and a diamine in an 
alcoholic solvent (usually methanol or ethanol) causes the precipitation o f the diimine ligand, 
which can be easily isolated by filtration.[6, 7] The variety o f R  groups that can be introduced 
on the salen ligand, creating symmetrical or asymmetrical ligands[8], makes it a versatile 
ligand. Its metal complexes exhibit several interesting properties for applications as; e.g. 
second-order non-linear optical (NLO) m aterials[9], liquid crystals[10] and magnetic 
materials.[11]
2
Scheme 1 General condensation reaction to salen ligands.
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However, the most important application is in the field o f catalysis. For numerous reactions, 
like asymmetric epoxidation[12], aziridination[13], cyclopropanation[14-16], and hydrolytic 
kinetic resolution o f epoxides[3, 16, 17] salen based coordination compounds are ideal catalysts. 
As mentioned before, current studies in this field are aimed at improving the 
enantioselectivity, solving the mechanistic questions and synthesizing heterogeneous 
counterparts o f these catalysts.
A .1 .2  D iffe ren t Types o f  So lid -S ta te  Supports
Zeolites, clays and other mesoporous materials form a promising class o f inorganic substrates 
for the immobilization o f homogeneous catalysts.[15, 18, 19, 20, 21] One o f the advantages of 
encapsulating the catalyst inside the pores o f a solid-support material is that the catalyst does 
not have to be chemically modified, which on itself could already alter the performance o f the 
catalyst. Another advantage, especially noticeable for the Jacobsen type catalysts (Figure 1a), 
is that the catalytically active species are stabilized.[1] This particular M n(III)-salen complex 
forms easily Mn(IV) p,-oxo dimers, thereby becoming catalytically inactive.[5, 22] If  the 
complexes are sufficiently isolated from each other, which can be achieved inside pores, this 
deactivation process is decreased. A disadvantage o f zeolites is that the reaction rates are 
much lower compared to homogeneous catalysts, due to the slow diffusion o f the reagents 
into the pores.
Immobilization can also be achieved by anchoring the catalyst to an insoluble polymer 
backbone.[23, 24] The first attempts were performed on symmetrical salen ligands 
functionalized with vinyl groups suitable for co-polymerization (Figure  1b).[25-27] The 
drawback o f this type o f polymers is that the catalyst will cross-link between different 
polymer strands, which will reduce the site accessibility o f the active centre.
Based on these results some guidelines for the immobilization o f salen type catalysts on 
polymer backbones were suggested by Canali et a l.[28, 29]: i) the geometry around the catalytic 
metal centre must resemble the homogeneous catalyst as much a possible; ii) flexible spacers 
between the polymer backbone and catalyst should minimize steric hindrance; iii) the co­
polymerization has to be done with a minimal amount o f catalytically active monomer. This 
will increase the site isolation o f the catalyst and will thus prevent the dimerization o f the 
salen catalysts; iv) to increase the accessibility o f the catalysts the polymer support should be
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\, /  \
Figure 1 a) Original Jacobsen catalyst, b) Jacobsen catalyst functionalized on the 5 and 5 ’ position o f the 
ligand, c) mono functionalized Jacobsen catalyst.
made in such a way that it will allow for this. The design o f several new polymer-supported 
catalysts based on these criteria implies that mono-functionalized salen ligands have to be 
prepared (Figure 1c). This can be done via two different synthetic strategies. One can start 
with the synthesis o f an asymmetrical salen ligand, which, for instance, has been done by 
Holbach et a l..[30] It was shown that a salen ligand functionalized with a norbornene group 
could be co-polymerized with a terminal alkyl group containing norbornene monomer (Figure  
2a). An alternative approach started with a co-polymer with a low density o f functional 
groups, which is in agreement with the third criteria o f Canali. The other strategy was 
demonstrated by Angelino et al., they showed that it was possible to functionalize the 
polymer by stepwise building up the active salen species (Figure 2b).[31] The resulting 
polymer, with manganese as a metal source, was tested in the epoxidation o f olefins, 
unfortunately, the stability o f the polymer was not ideal and it degraded fast, which made 
recycling o f the catalyst impossible. The chromium variant was more successful. It was stable
316
Synthesis o f  Salen Ligands Suitable as Functionalized Building Blocks for Metal-Organic Frameworks
under the conditions needed for ring opening o f epoxides and it could be recycled three times 
without a significant loss o f activity.
M = MnCl, Cr
HO
o /  \ -h 2co
M = Mn, Cr
Figure 2 a) Monofunctionalized complex copolymerized with an alkyl functionalized monomer used by Holbach 
et al., b) metal salen complex attached to a polymer via a stepwise synthetic approach starting from the polymer.
In general the disadvantages of these types of solid-state supports are insufficient isolation 
and uniformity of the metal center. Furthermore, the surroundings of the metal center and its 
influence on the catalysis are not always understood.[26] These disadvantages could, in
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principle, be overcome by incorporation o f the catalyst in supramolecular assemblies.[20, 30] 
Although these are still homogeneous in nature, they have shown promising results in 
catalysis. If  the self-assembly is extended into 3D networks (these are called M etal-Organic 
Frameworks (MOFs)), it might be possible to have the advantages o f both worlds: good 
enantioselectivity and facile isolation and recovery. These 3D coordination polymers 
resemble zeolites, because of their porous nature. They would offer similar advantages, like 
pore-defined substrate size and shape selectivity, and, as is the case for all heterogeneous 
catalysts, they offer facile catalyst separation, recovery and reuse. A drawback of MOFs is 
their relatively low thermal and chemical stability, making them usable only for a limited 
number o f reactions. Zeolites have been established as good catalysts for several reactions, 
but in the area o f enantioselectivity they are not widely applied.[16, 32, 33] In this area MOFs are 
much more promising, because the use of chiral building blocks could mean facile 
introduction o f chirality.[19]
A .1 .3  E nantiose lec tive  Catalysis w ith  M O F s
Although it sounds in theory very easy to introduce chirality in MOFs, in practice not many 
examples are known at this moment, in spite o f the numerous MOFs that have been reported. 
Currently, three different approaches towards chiral porous networks have been applied.[19] In 
the first approach achiral components are used, which can crystallize in a chiral space group. 
The second strategy also starts with achiral compounds, but the use o f an enantiopure co­
ligand could induce homochiral crystallization. The outcome o f both these approaches is not 
very predictable and is, therefore, more hit-and-miss than design. The third approach 
incorporates the chirality already in the starting linker ligand. A nice example of this has been 
reported by Seo, almost a decade ago.[34] He synthesized a homochiral building block (Figure 
3 left), which upon reaction with zinc nitrate in water/methanol formed a 3D homochiral 
porous network with the structure formula [Zn3(p,3-O)(L-H)6] • 2H3O • 12H2O (denoted as 
POST-1). The dangling pyridine groups inside the pores o f the MOF were used in a 
transesterification reaction (Schem e 2). Bulkier substrates reduced the reaction rate 
significantly, highlighting that the reaction occurs inside the channels o f the MOF. 
Furthermore, a reaction with a chiral substrate (1-phenyl-2-propanol) showed that asymmetric 
induction by MOFs is also possible, giving product in an enantiomeric excess o f about 8 %.
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O2 N  O2N
\  / /  \  POST-1 O / /  \
y -------( ' ') ------NO 2  + EtOH -------------►  1 + m ------( / V2 CCl4, 27 C + H O ------( '  N)------N O ,
OEt
Scheme 2 Transesterification reaction catalyzed by POST-1.
N
/ N
N
Figure S Left: Chiral building block used in the synthesis o f the homochiral MOF POST-1. Right: 1,1' 
binaphthyl derivative used by Wu for his homochiral MOF.
Another elegant example o f such an approach is the chiral MOF designed by Lin et a l.[27, 35] 
Their strategy was to functionalize the ligand o f an existing catalyst. (BINOLate)Ti(O'Pr)2 
complexes are known catalysts for the addition o f ZnEt2 to aromatic aldehydes. The 1,1’- 
binaphtyl ligand was functionalized with pyridine groups, which serve as the primary 
functional groups (Figure 3 right). Via the nitrogen atoms o f this pyridine ring the ligand 
coordinates to cadmium atoms, forming a 3D framework with the structural formula: 
[Cd3Cl6L3] • 4DMF • 6MeOH • 2H2O. The secondary functional groups, the hydroxy 
functionalities, are reacted with Ti(O'Pr)4 in a post-synthetic modification step. Here, the
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MOF acts as a scaffold, since in principle the secondary functional groups can be coordinated 
with any metal that has sufficient affinity for oxygen atoms. The titanium functionalized MOF 
was tested in the addition o f ZnEt2 to a variety o f aromatic aldehydes and showed a 
comparable enantiomeric excess as the homogeneous titanium complex. The observed rates 
for different sizes o f substrates proved again that the catalytic activity occurs in the channels. 
Another challenge associated with catalysis in MOFs is to create coordinatively unsaturated 
metal centers (UMCs). In the above example the used metal source has labile O 'Pr ligands, 
which can easily be removed by the substrate and after the catalytic cycle coordinate again, 
restoring the catalyst. This example also demonstrates that UMCs can be achieved by using 
metalloligands, which according to Kitagawa have a number o f advantages when used in 
coordination polymers; i) they have multi-coordination sites, ii) they have polyhedral 
coordination-donor building blocks whose topology controls the direction o f the coordination 
bonds and iii) they make a rational construction o f heterometallic assembly systems 
possible.[36]
Figure 4 A 3D porphyrin based MOF. The solvent molecules and hydrogen atoms are omitted for clarity. Zn, 
green; C, grey; N, blue; O, red; F, yellow; covalent or coordination bond, bronze.
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The use o f metalloligands, however, does not necessarily mean that UMCs are being formed. 
Functionalized porphyrins can be thought o f as ideal metalloligand building blocks, but o f the 
numerous structures reported, not many o f them possess U M Cs.[21, 22, 24] Furthermore, MOFs 
not only need to have UMCs to be catalytically active, they also have to be build in a 
framework with sufficient stability and porosity. Recently, a 3D porphyrin based MOF 
consisting o f carboxylate paddle-wheel zinc layers pillared by a pyridine functionalized 
porphyrin, was synthesized (Figure  4).[28] This MOF was successfully used in the acyl- 
transfer reaction between N-acetylimidazole and pyridine-3-ylmethanol.
A .1 .4  A im  o f  th is A p p en d ix
In the above paragraphs several examples are shown o f the immobilization o f salen 
metalloligands on different types o f solid-state supports. These metalloligands would, like 
porphyrin counterparts, be excellent candidates as building blocks for MOFs. However, using 
these ligands as linkers requires the modification o f the catalyst with additional functional 
groups capable o f coordination to metals in a divergent fashion (C hart 1). In this 
appendix the synthetic route towards these functionalized salen ligands will be described.
R 1 = H, teri-butyl
R2 = C O O H , - Q
Chart 1 Overview o f the modified salen ligands.
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A.2 Synthesis of the Modified Salicylaldehydes
A .2 .1  Syn th esis  o f  A c id  F u n c tio n a lized  Salicyla ldehydes
Kitaura et al. already showed that a rational synthetic method to immobilize the salen ligand 
in MOFs is possible.[37] However, although he states that incorporating this type o f complexes 
in MOFs could open a path to the heterogeneous salen type catalyst, he did not test his MOF 
for any catalytic activity, probably because his ligand was not chiral. Since immobilization of 
modified catalytically active species in MOFs is not yet an established route, we decided to 
start with the reproduction o f Kitauras MOF.
At the time o f performing this research, compound 1 was not commercially available. It was 
synthesized according to a literature procedure by reacting 4-hydroxybenzoic acid with
H
O
f V o h  +
H N  N H
11
Scheme 3 Condensation reaction towards carboxylic acid functionalized salen ligand.
2
1
hexamethylenetetramine in trifluoroacetic acid. The condensation reaction to obtain 11 was 
conducted via the synthetic procedure described by Kitaura (Schem e  3), but unfortunately no 
product could be isolated. Recently, the synthesis towards acid-functionalized salen ligands 
via a zwitterionic halfcondensation intermediate was published.[29] This zwitterion was 
prepared by the reaction o f (1R,2R)-(-)-1,2-diaminocyclohexane with 1 (amongst other 
aldehydes) in methanol, which caused its spontaneous precipitation (Schem e  4). The 
condensation with the second acid functionalized aldehyde has to be performed in refluxing 
pyridine, presumably because the solubility o f the zwitterion is too low in alcoholic solvents. 
These reactions, are in contrast to our own results, since we obtained no product at all, 
whereas one would at least expect the formation o f a zwitterionic precipitate. It could be that
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an excess o f aldehyde prevents the formation o f a zwitterion, and immediately reacts twice 
with the diamine. But if  that is the case, the salen ligand does not spontaneously precipitate 
from the solution, as has been described by Kitaura. Due to the problems with the isolation of 
the acid-functionalized salen ligand we decided to direct our focus on pyridine-functionalized 
ligands.
a)
H
w v °
H °' I  \= J
° H R eflux
h 2n  n h 2
b)
H
°
H °
°
O H  +
1
Scheme 4 Two-step synthesis o f carboxylic acid functionalized salen ligands via the isolation o f a zwitterionic 
intermediate.
+
1
+
A .2 .2  Syn th esis  o f  P yrid ine F u n c tio n a lized  Salicyla ldehydes
The introduction o f a pyridine group has to be achieved via a C-C coupling reaction, which 
can be carried out in different ways. Grignard reactions are often employed, but in our case 
this would mean the use o f 4-halopyridines. These give often low yields, which can be 
attributed to the relatively instability o f 4-halopyridines.[32] Besides that, for our compound it 
would also require the protection o f the aldehyde, since this is not a tolerant group under 
Grignard conditions. Another option would be to introduce the pyridine functionality via the 
Stille coupling, but this needs the use o f toxic stannyl compounds and often harsh reaction 
conditions. The Suzuki cross-coupling would be a good alternative, since there are no toxic 
compounds involved and the reaction proceeds under relatively mild conditions. Furthermore,
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it was already shown that this reaction was successful in the C-C coupling o f salicyl- 
aldehydes.[33] Nguyen e t al. reported the Suzuki cross-coupling between 4a/b and 4- 
pyridineboronic acid (Schem e  5) in a one-pot reaction yielding 9a/b in respectively 67% and 
64% after purification. 3^8 Reproducing this reaction with 4a under the reported conditions, 
however, proved to be hard. The reaction was followed by TLC, but we were unable to detect 
any conversion o f the starting material. Changing the reaction conditions (different Pd catalyst 
and/or solvent, more base, and prolonged heating) did not lead to any formation o f product. 
In all our attempts the TLC showed a spot residing on the base line, which colored with 2,4- 
dinitrophenylhydrazine (2,4-D N P) staining, indicating the presence o f an aldehyde. The 
reaction cycle for the Suzuki coupling indicates the need o f two equivalents o f base, required 
for the deprotonation o f the boronic acid. In this particular reaction, the base does not only 
deprotonate the boronic acid, but also the hydroxygroup o f 4a. This forms a compound that is 
capable o f coordinating to the Pd-catalyst, possibly creating a species as is shown in Figure  
5a.
H
R = H (4a) 
t-butyl (4b)
+
hon „OH
B
N
a
R
H
N
R = H (9a) 
t-butyl (9b)
Scheme 5 Suzuki coupling between 4a/b and 4-pyridineboronic acid as reported by S. T. Nguyen et al.. Reagents 
and conditions: (a) Na2CO3 (1.5 eq.), Pd(dppf)Cl2 (0.05 eq.), degassed DME/H2O (3:1), argon atm., 3-5 h. 
reflux.
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If  the deprotonated form o f 4a indeed coordinates to the palladium, the catalyst is no longer 
able to fulfill the catalytic cycle. Hence, no conversion o f 4a to 9a can take place. To test this 
assumption, the Suzuki coupling was performed with two model compounds, which are not 
able to coordinate to the palladium metal o f the catalyst (F igure 5b a n d  5c). Both the Suzuki 
coupling reaction between 4-pyridineboronic acid and respectively 4-bromophenol and 3- 
bromobenzaldehyde were successful. The isolation o f the products confirms the assumption 
that the combination o f hydroxyl and carbonyl functionalities on the 1 and 2 position on a 
benzene ring is not suitable for palladium catalyzed reactions, because o f the formation of 
inactive species due to the coordination o f the reagent.
H
PhP. O3\  /
Pd
P h s /  *‘*o
OH
Br
b
O
H
Br
c
Figure 5 a) Possible species formed during the Suzuki Coupling. b), c) compounds tested in the Suzuki coupling, 
which are not able to coordinate to Pd.
a
To prevent the coordination o f the reagents a protecting group on the hydroxyl group was 
used. The methylation o f 4a with M el in DMF yields 5a in 87% (Schem e  6). This time the 
C-C bond formation worked under Suzuki coupling conditions, obtaining 6a in 73% yield. 
The deprotection o f 6a was attempted with BBr3. The isolated mixture had a complicated 
NM R spectrum, and unfortunately showed that the methoxy group was still present. The 
NM R spectrum also showed that the aldehyde group was no longer present. Another attempt 
using AlCl3/KI as deprotecting agent was first tested on 5a. Although the reaction had not 
gone to completion after 2h., the N M R of the resulting crude product showed that it was a 
mixture o f 5a and the deprotected salicylaldehyde and that the used conditions led to a clean 
reaction without the formation o f any side-products. Unfortunately, when these conditions
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were applied on 6a, the reaction did not lead to the deprotected compound. N o pure 
compound could be isolated from this reaction mixture. It could be possible that the reagents 
react with the pyridine group forming water soluble salts, which stay in the water layer during 
the extraction.
O O
O O
y
N
6a
H
b or c 
X »
OH O
N
9a
H
Scheme 6 Successful C-C bond formation between 5a and 4-pyridineboronic acid. The subsequent deprotection 
did not work. Reagents and conditions: (a) Pd(PPh3)4 (2%), Na2CO3 (2.5 eq.), degassed DME/H2O (3:1), argon 
atm., 24 h. reflux. (b) BBr3, CH2Cl2,, -10 °C r.t., argon atm., 30 min. (c) AlCl3, KI, CH2Cl2/MeCN (1:2), 0 °C 
r.t., argon atm., 4h.
a
Since the Suzuki coupling worked with protection o f the hydroxyl group, we decided to use 
another protecting group. The protection o f the hydroxyl group with MOMCl in acetone gave 
7a in a 79% yield (Schem e  7). It was coupled to 4-pyridineboronic acid in a 95 % yield after 
purification. The cleavage o f the M OM -protecting group was achieved in a 37 % yield by 
stirring 8a with HCl/H2O (3:8 v/v) in THF for 24 h. From TLC it became obvious that the 
reaction proceeds quantitatively, but during work-up the neutralization o f the reaction mixture 
with NaHCO3 was insufficient, because a large amount o f HCl salt o f 9a was isolated.
The introduction o f a pyridyl group to salicylaldehyde and further reaction to the salen 
derivatives creates a large aromatic system; this will increase the stacking between the 
molecules and thus decrease the solubility. Therefore, a compound with a tert-butyl group on 
the 5-position o f the phenyl ring was synthesized. Compound 9b was synthesized in 5 steps 
starting from 2-tert-butylphenol. The first step is the ortho-formylation with M gCl2, forming
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compound 3 (Schem e  8). This is then brominated on the 5 position through a reaction with Br2 
in CH3COOH, yielding 4b. Then it is converted to 9b in a similar way as was shown 
previously for 9a (Schem e 7). The protection with the M OM-group was difficult to get to 
completion. Stirring for prolonged times and elevating the temperature did not improve on the 
yield o f the M OM -protected compound.
OMOM O
R = H (7a) 
t-butyl (7b)
H a  ^ O H
B
N
OMOM O
H
R = H (8a) 
t-butyl (8b)
OH O
V N
R = H (9a) 
t-butyl (9b)
Scheme 7 Successful synthetic route to obtain compound 9a and 9b, starting from the MOM protected 5-bromo- 
salicylaldehydes. Reagents and conditions: (a) Pd(PPh3) 4 (3%), Na2CO3 (2.5 eq.), degassed DME/H2O (3:1), 
argon atm., 24 h. reflux. (b) HCl/H2O (3/8, v/v) in THF, r.t., 24 h.
R
H
ba
+
OH
a
2
b
4b
Scheme 8 Synthetic route to 4b. Reagents and conditions: (a) HCHO, MgCl2, Et3N, MeCN, reflux, 5h. (b) Br2, 
acetic acid, r.t., 3h.
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Probably the bulky tert-butyl group induces steric hindrance, making it difficult for the 
MOMCl to react with the hydroxyl group. The Suzuki coupling with 7b gave no problems, 
yielding 8b in 81% after purification. The deprotection with HCl and subsequent 
neutralization with NaHCO3 gave similar results as for 9a. Also in this case a significant 
amount o f HCl salt was isolated.
A.3 Synthesis of the Salen Building Blocks
Although metal complexes with this ligand were already known, they had not yet been used in 
M OFs.[25] This was one o f the reasons why we decided to prepare these ligands and see 
whether or not it would be possible to use them as building blocks for MOFs. W hile working 
on the synthesis o f the modified salicylaldehydes, Hupp et al. had recently reported a MOF 
based on this type o f functionalized salen ligand.[39] He designed a M OF resembling MOF- 
508 and its IR-MOFs (isoreticular M etal-Organic Framework).[40] The MOF consists o f layers 
constructed o f paddle-wheel Zn terephthalic acid layers pillared with the pyridine 
functionalized salen ligand, similar as the porphyrin-MOF mentioned in section A.1.3. The 
catalytic activity was tested in the asymmetric epoxidation o f 2,2-dimethyl-2H-chromene as a 
substrate and 2-(tert-butylsulfonyl)-iodosylbenzene as oxidant (Schem e  9). The MOF was 
compared to the activity o f the free building block and turned out to be more active for a 
longer period o f time. It showed only a slight decrease o f enantioselectivity, which could be
S O /B u
O>
M n(Salen)-M OF
O
Scheme 9 Asymmetric epoxidation o f the Mn(salen)-MOF catalyst.
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attributed to the electronic effect, caused by the coordination o f the pyridine substituents to 
zinc. Furthermore, it could be recovered and reused for three consecutive cycles without any 
loss o f activity. They showed that the catalysis happened both at the surface as well as in the 
interior o f the M OF. By pre-treating the M OF with an oxidant they deactivated the surface, 
which led to reactivity solely inside the channels o f the MOF.
One drawback o f this M OF is that is suffers from interpenetration, which is not uncommon 
for MOFs (see Chapter 5 for more details about interpenetration). This strongly reduces the 
pore size o f the heterogeneous catalyst, making it unsuitable for larger substrates.
In an attempt to prevent interpenetration we decided to design building blocks that prevent 
interpenetration by completely blocking one side o f the MOF (Schem e 10).
H,N NH, OH O
R,
4 HC1 + 4
H,N NH,
"H
N
r2
9 a :R 1=H ,R 2= - Q  
9b : Rj = ieri-butyl, R2 =
10a : Rj = H, R2 = ^CN
10b : Rj = tert- butyl.
Scheme 10 Synthesis o f 10a /  10b via the condensation o f 9a /  9b with 1,2,4,5-tetraaminebenzene.
The reaction between 9a and 1,2,4,5-tetraaminebenzene in EtOH lead to the formation o f a 
red solid. Unfortunately, but not completely unexpected, the compound was extremely
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insoluble and difficult to characterize. IR spectroscopy could give an indication whether or 
not an imine bond is present, but these imine signals are overlapping with the C=N signals o f 
the pyridine group and could therefore not be assigned. The lack o f a C=O signal in the IR 
spectrum does give a good indication that the product had formed, or at least the absence of 
starting material. As mentioned before, the presence o f bulky groups on the ligand could 
reduce the stacking and enhance the solubility. The reaction between 9b and 1,2,4,5- 
tetraaminebenzene in EtOH also led to the formation o f a red solid. The introduction o f the 
tert-butyl groups did indeed slightly enhance the solubility, enabling us to record a 1H  NM R 
spectrum in CD2Cl2 (Figure  6). All the protons can be assigned for; the distinct peaks from 
the pyridine ring are clearly visible as a multiplet at 7.5 and 8.7 ppm, the imine proton can be 
identified at 9.0 ppm. Even more remarkable is the clear visability o f the hydroxyl proton at 
14.0 ppm. The mass spectrum of 10b is shown in Figure 7a. In Figure 7b the complete 
molecule and several fragments are shown, o f which the corresponding mass can be found in 
the spectrum. Furthermore, there are two additional masses that can be contributed to 10b. 
These masses with m/z o f respectively 544 and 425 can be assigned to doubly charged 
molecular fragments o f L3 and L4. Combining the results from the N M R and mass spectrum 
the conclusion can be drawn that the molecule has been formed and that the fragmentation in 
the mass spectrum can be attributed to the electrospray ionization technique. The purity of 
10a and 10b was tested by elemental analysis, but, unfortunately, these results showed that 
the compounds were not completely pure. The poor solubility is, as mentioned before, 
probably caused by the large aromatic surface, which induces stacking o f the ligands. If  the 
ligands could be metallated with a metal that prefers either a square pyramidal or octahedral 
coordination geometry, the stacking might be reduced due to the presence o f an axial ligand. 
If  the stacking is reduced, the associated increase in solubility makes it perhaps possible to 
purify the compound. The reaction o f both 10a and 10b with M nCl2 • 4H2O in ethanol in the 
presence o f E t3N  did not lead to the formation o f a metallated salen ligand. The poor 
solubility and the competition o f the pyridine group for coordination probably prohibit the 
ligand from reacting.
There are several requirements for the building blocks in the synthesis o f MOFs. First o f all, 
the ligand needs to be soluble enough to react with the metal, but unfortunately, this is not the 
case for both 10a and 10b. Furthermore, in the synthesis o f MOFs the purity o f the building
330
Synthesis o f  Salen Ligands Suitable as Functionalized Building Blocks for Metal-Organic Frameworks
blocks is very important. The elemental analysis clearly showed that our ligands are not very 
pure and are therefore, in their current state, not attractive as building blocks for MOFs.
9.50 9.00 8.50 8.00 7.50 7.00
Figure 6 a) 1H NMR spectrum o f 10b measured in CD2Cl2. Besides the peaks from 10b there are also some 
solvent residual peaks present. b) Zoom in o f squared region o f Figure 6a.
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a
occd
C3
<u
c3
13
[L4+H]2+
544
m/z
b
:N N H  
H 0
H2N NH2
L4
Exact Mass: 1086.55
L3
Exact Mass: 849.44
L2
Exact Mass: 612.32
L1
Exact Mass: 375.21
Figure 7 a) Electrospray mass spectrum o f 10b. The sample was prepared by dilution o f a CH2Cl2 solution o f 
10b in MeOH. b) The different fragments o f 10b observed in the mass spectrum.
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A.4 Conclusions
The functionalization o f salicylaldehyde with an acid group proved to be facile, however, 
reproduction o f the condensation reaction to form a salen ligand did not work. The 
introduction o f a pyridine moiety on the salicylaldehyde proved to be slightly more difficult 
than literature indicated. Due to the presumed coordination o f the deprotonated 
salicylaldehyde to the catalyst it was necessary to protect the hydroxyl group with a M OM - 
group. The reaction between 9b and 1,2-phenylenediamine was published during our attempts 
to synthesize this functionalized salicylaldehyde. In this publication the successful 
incorporation o f this ligand in a M OF was proven, together with the catalytic activity o f the 
MOF. One drawback o f the reported MOF is that it suffers from interpenetration. 
Synthesizing a salen ligand capable o f blocking one side o f the framework, could prevent this. 
The condensation reaction between 9a and 1,2,4,5-tetraaminebenzene in methanol yielded an 
insoluble precipitate. To increase the solubility compound 9b was used in the reaction with 
1,2,4,5-tetraaminebenzene. This enhanced the solubility o f the salen ligand only slightly, but 
the characterization o f this compound was still difficult. Although the N M R and the mass 
spectra indicate that the product had formed, it was not possible to use this ligand as a 
building block in the synthesis o f MOFs due to its poor solubility and purity.
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A.6 Experimental 
A .6 .1  In stru m en ta tio n
1H NMR and 13C{1H} NMR spectra were recorded on a Bruker DPX-200 or a Bruker DMX-300 operating at 
room temperature. Chemical shifts are reported in ppm using the solvent peak as a reference. Abbreviations used 
are: s = singlet, d = doublet, dd = doublet of doublets, m = multiplet, br. = broad. Coupling constants are reported
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as J-values in Hz. Infrared spectra are recorded on a Bruker Tensor 27 FT-IR using the OPUS data collection 
software. High resolution mass spectra were recorded on a JEOL AccuTOF (ESI).
A .6 .2  M ateria ls
Pd(PPh3)4[41], compounds 1[42], 3[43] and 4b[44] were prepared according to literature procedures. MOMCl was 
initially obtained commercially, but due to the difficulties with obtaining this compound from commercial 
suppliers the compound was eventually prepared according to a literature procedure.[45] All other used chemicals 
and solvents were obtained commercially and used without any further purification.
A .6 .3  Syn th esis  a n d  C haracterization
\  5-bromo-2-methoxybenzaldehyde (5a)
O O
To a solution of 2.0 g 5-bromosalicylaldehyde (4a) (10 mmol) in 20 ml DMF, was added 2.1 g 
H K2CO3 (15 mmol) and 1.3 ml Mel (20 mmol). The suspension was stirred for 24 h. at r.t.. The 
solvent was removed and to the residue was added 60 ml H2O. The product was extracted with 
3 x 60 ml Et2O. The organic layers were combined and dried with Na2SO4. The solvent 
was removed to obtain the product as a white solid. Yield: 1.87 g (87 %); 1H NMR CDCl3, 200 MHz): 5 = 3.92 
(s, 3H), 6.89 (d, 1H, 3J = 8.8 Hz), 7.63 (dd, 1H, 3J = 8.8 Hz, 4J = 2.8 Hz), 7.92 (d, 1H, 4J = 2.8 Hz), 10.38 (s, 1H). 
13C{'H} NMR (CDCl3, 50 MHz): 5 = 55.9, 113.3, 113.6, 125.9, 130.8, 138.2, 160.6, 188.2.
2-methoxy-5-(pyridin-4-yl)benzaldehyde (6a)
To a solution of 832.2 mg 5a (3.9 mmol), 500 mg 4-pyridineboronic acid (4.1 mmol) and 90 
mg Pd(PPh3)4 (0.08 mmol, 2%) in 15 ml degassed DME was added a solution of 1.0 g Na2CO3 
(9.9 mmol) in 5 ml degassed H2O. After refluxing for 24 h. the reaction mixture was cooled 
down to r.t. and poured into 25 ml H2O. The product was extracted with 7 x 15 ml CH2Cl2. The 
organic layers were combined and dried over Na2SO4. The product was purified by column 
chromatography (CH2Cl2/5% MeOH) to obtain a white solid. Yield: 0.60 g (73%); :H NMR 
(CDCl3, 200 MHz): 5 = 3.98 (s, 3H), 7.11 (d,1H, 3J = 8.8 Hz), 7.48 (m, 2H), 7.84 (dd, 1H, 3J =
8.8 Hz, 4J = 2.6 Hz), 8.12 (d, 1H, 4J = 2.6 Hz), 8.63 (m, 2H), 10.49 (s, 1H).
H
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o m o m  o 5-bromo-2-(methoxymethoxy)benzaldehyde (7a)
To a solution of 5.0 g 5-bromosalicylaldehyde (4a) (25 mmol) in 50 ml acetone was added 3.4 
H g K2CO3 (25 mmol). After stirring for 15 min, 4.6 ml MOMCl (27 mmol) was added drop 
wise. After stirring for 24h the solvent was removed and the residue was dissolved in 75 ml 
Br H2O. The product was extracted by 3 x 50 ml Et2O. The organic layer was dried over Na2SO4
and the solvent was removed. The product was purified by column chromatography (CH2Cl2, Rf = 0.6) to obtain 
a yellow oil. Yield: 4.84 g (79 %); 1H NMR (CDCl3, 200 MHz): 5 = 3.51 (s, 3H), 5.29 (s, 2H), 7.14 (d,1H, 3J =
8.8 Hz), 7.58 (dd, 1H, 3J = 8.8 Hz, 4J = 2.6 Hz), 7.93 (d, 1H, 4J = 2.6 Hz), 10.41 (s, 1H). 13C{'H} NMR (CDCl3, 
50 MHz): 5 = 56.6, 94.7, 114.7, 117.1, 126.6, 130.8, 138.2, 158.5, 188.2.
5-bromo-3-teri-butyl-2-(methoxymethoxy)benzaldehyde (7b)
To a solution of 6.79 g 5-bromo-3-tert-butylsalicylaldehyde (4b) (26 mmol) in 60 ml 
acetone was added 3.6 g K2CO3 (26 mmol). After stirring for 15 min at r.t., 6.5 ml 
MOMCl (39 mmol) was added dropwise. After stirring overnight, the solvent was 
removed. The residue was dissolved in 100 ml H2O and the product was extracted 
with 3 x 75 ml Et2O. The organic layer was dried over Na2SO4 and the solvent was removed. The product was 
purified by column chromatography (hexane/ethylacetate, 4/1, Rf = 0.56) to obtain a yellow oil. Yield: 3.9 g 
(50%); :H NMR (CDCl3, 200 MHz): 5 = 1.41 (s, 9H), 3.63 (s, 3H), 5.02 (s, 2H), 7.67 (d, 1H, 4J = 2.6 Hz), 7.83
Br
(d, 1H, 4J = 2.6 Hz), 10.13 (s, 1H).
OMOM O 2-(methoxymethoxy)-5-(pyridin-4-yl)benzaldehyde (8a)
A suspension of 4.84 g 5-bromo-2-(methoxymethoxy)-benzaldehyde (7a) (19.8 mmol), 2.67 g 
4-pyridineboronic acid (1.1 eq, 21.7 mmol), 0.684 g Pd(PPh3)4 (3 %, 0.25 mmol) in 50 ml 
degassed DME was stirred for 5 min. To this mixture was added a solution of 5.2 g Na2CO3 
(2.5 eq, 49.4 mmol) in 15 ml degassed H2O. After refluxing for 24 h, the mixture was cooled to 
r.t. and poured into 100 ml H2O. The product was extracted with 7 x 50 ml CH2Cl2. 
N The organic layer was dried with Na2SO4 and the solvent was removed. The
product was purified by column chromatography (CH2Cl2 / 5 % MeOH, Rf = 0.38). Yield: 4.8 g (95 %); :H 
NMR (CDCl3, 200 MHz): 5 = 3.56 (s, 3H), 5.30 (s, 2H), 7.36 (d, 1H, 3J = 8.6 Hz), 7.50 (m, 2H), 7.83 (dd, 2H, 3J 
= 8.6 Hz, 4J = 2.6 Hz), 8.15 (d, 1H, 4J = 2.6 Hz), 8.66 (m, 2H), 10.55 (s, 1H).
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3-feri-butyl-2-(methoxymethoxy)-5-(pyridin-4-yl)benzalde-hyde (8b)
A suspension of 4.91 g 5-bromo-3-tert-butyl-2-(methoxy- methoxy)benzaldehyde (7b) 
(16.3 mmol), 2.2 g 4-pyridineboronic acid (1.1 eq, 17.9 mmol), 0.565 g Pd(PPh3)4 
(3%, 0.49 mmol) in 30 ml degassed DME was stirred for 5 min. To this mixture was 
added a solution of 4.3 g Na2CO3 (2.5 eq, 40.8 mmol) in 15 ml degassed H2O. After 
refluxing for 24 h, the mixture was cooled to r.t. and poured into 
100 ml H2O. Theproduct was extracted with 7 x 50 ml CH2Cl2. The 
organic layer was dried with Na2SO4 and the solvent was removed. The product was purified by column 
chromatography (CH2Cl2 / 8% MeOH, Rf = 0.46). Yield: 4.8 g (81 %); 'H NMR (CDCl3, 200 MHz): 5 = 1.49 (s, 
9H), 3.66 (s, 3H), 5.10 (s, 2H), 7.51 (m, 2H), 7.85 (d, 1H, 4J = 2.6 Hz), 8.00 (d, 2H, 4J = 2.6 Hz), 8.67 (m, 2H), 
10.26 (s, 1H).
OH 2-hydroxy-5-(pyridin-4-yl)benzaldehyde (9a)
To a solution of 4.8 g 8a (19.7 mmol) in 40 ml THF was added 20 ml conc. HCl in 50 
ml H2O. After stirring the solution for 24 h. at r.t., saturated aq. solution of NaHCO3 
was added until pH = 7 was reached. The product was extracted with 3 x 75 ml 
CH2Cl2. The solvent was removed and Et2O was added to the residue. The HCl-salt 
was isolated by filtration. The solvent of the filtrate was removed to obtain an off- 
white solid. Yield: 1.45 g (37 %); 1H NMR (CDCl3, 300 MHz): 5 = 7.14 (d, 1H, 3J = 
8.1 Hz), 7.49 (m, 2H), 7.84 (dd, 1H, 3J = 8.1 Hz, 4J =2.4 Hz), 7.85 (d, 1H, 4J = 2.4 Hz), 8.68 (m, 2H), 10.01 (s, 
1H), 11.13 (s, 1H). FTIR (KBr) v = 1678 cm-1 (C=O).
3-feri-butyl-2-hydroxy-5-(pyridin-4-yl)benzaldehyde (9b)
To a solution of 4.86 g 8b (16.2 mmol) in 40 ml THF was added 15 ml HCl in 40 ml 
H2O. The solution was stirred for 24 h, after which it was neutralized (pH 7) with a 
saturated aq. NaHCO3 solution. The product was extracted with 3 x 75 ml CH2Cl2. 
The solvent was removed and to the residue was Et2O added. An HCl salt precipitated 
and was removed by filtration. The solvent of the filtrate was removed yielding an off- 
white solid. Yield: 2.41 g (58 %); 1H NMR (CDCl3, 200 MHz): 5 = 1.04 (s, 9H), 
7.05 (m, 2H), 7.26 (d, 1H, 4J = 2.3 Hz), 7.37 (d, 2H, 4J = 2.3 Hz), 8.22 (m, 2H), 9.52 (s, 1H), 11.52 (s, 1H). 
13C{1H} NMR (CDCl3, 50 MHz): 5 = 28.9, 34.8, 120.5, 120.7, 128.8, 130.0, 132.2, 139.1, 146.8, 150.1, 161.6, 
196.8. FTIR (KBr) v = 1655 cm-1 (C=O). HRMS (ESI) m/z calculated for C16H18NO2 (M+H)+: 256.1338, found: 
256.1333.
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R = H : 2,2',2,2-(1E,rE,1E,rE)(benzene-1,2,4,5-tetrayltetrakis(azan-1-yl-1-ylidene)-tetrakis(- 
methan-1-yl-1-ylidene)tetrakis(4-(pyridin-4-yl)phenol) (10a)
To a supsension of 329 mg 1,2,4,5-tetraamine • 4 
HCl (1.16 mmol) in 15 ml EtOH was added 4 eq. 
Et3N (4.64 mmol, 0.64 ml). After stirring the 
mixture for 10 min, 923 mg of 9a (4 eq., 4.64 
mmol) is added. The mixture is refluxed for 2 h. 
After cooling to r.t. the red precipitate is isolated. 
The product was washed with CH2Cl2. Yield: 0.76 
g (76%). Characterization of this compound was 
very difficult due to very poor solubility. 
Elemental analysis calculated for C54H38N8O4: C 
75.16, H 4.44, N 12.99. Found: C 67.93, H 4.59, N 
12.58.
R = tert-butyl : 6,6',6",6"'-(1E,1'E,1"E,1"'E)-(benzene-1,2,4,5-tetrayltetrakis(azan-1-yl-1- 
ylidene))tetrakis(methan-1-yl-1-ylidene)tetrakis(2-tert-butyl-4-(pyridin-4-yl)phenol) (10b)
To a supsension of 110 mg 1,2,4,5-tetraamine • 4 HCl (0.39 mmol) in 15 ml EtOH was added 4 eq. Et3N (1.55 
mmol, 0.22 ml). After stirring the mixture for 10 min, 470 mg of 9b (5 eq., 1.84 mmol) was added. The mixture 
is refluxed for 2 h. After cooling to r.t. the red precipitate is isolated. The product was washed with CH2Cl2. 
Yield: 0.24 g (57 %). The assignment of the :H NMR and the ESI mass spectrum can be found in section A.3. 
Elemental analysis calculated for C70H70N8O4: C 77.32, H 6.49, N 10.30. Found: C 65.67, H 5.59, N 10.20.
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Summary
Engineering has been defined as “the profession in which a knowledge o f the mathematical 
and natural sciences gained by study, experience, and practice is applied with judgm ent to 
develop ways to utilize, economically, the materials and forces of nature for the benefit of 
m ankind”[1] The title o f this thesis (E ngineering o f  M olecu lar M agnets a n d  Crystalline  
N etw orks) in combination with the definition o f engineering implies that the fields of 
molecular magnets and crystalline networks are completely understood and that these 
molecules and materials can be designed with every desired functionality. Although the 
knowledge o f these systems is improving, genuine design o f a desired functionality is not 
possible (yet). The emphasis o f this thesis, therefore, lies with acquiring knowledge in the 
fields o f molecular magnets and crystalline networks using a systematic and rational 
approach.
Part I
The literature examples, given in Chapter 1, show that the magnetic properties o f polynuclear 
carboxylate clusters can be either electronically or structurally influenced. Electronically this 
can be achieved by oxidation/reduction o f the metal core, creating heterometallic cores or 
introducing electronic withdrawing/donating carboxylate ligands. Introducing ligands with 
different sterical demands on existing polynuclear clusters can alter the geometry o f the metal 
atoms within the core, which leads to changes in their magnetic behavior. These magneto- 
structural correlation studies offer the possibility o f developing rules to predict the magnetic 
properties o f polynuclear carboxylate clusters. Introducing interaction pathways via hydrogen 
bonds or coordination bonds between these polynuclear carboxylate clusters leads to 
communication between these molecules with new and interesting magnetic behavior.
The serendipitous discovery o f a tetranuclear carboxylate cluster gave us a beautiful starting 
molecule to apply some o f the strategies as discussed in Chapter 1 . These tetranuclear 
carboxylate clusters can be prepared in a one-pot metal template reaction for a variety o f 
metals and carboxylate ligands (C hapter 2). The exchange m ethod  for carboxylate ligands can 
also be applied on these tetranuclear clusters, but solubility problems and incomplete
Summary
exchange makes this not a suitable strategy for the modification o f the carboxylate ligands. 
Detailed analysis o f the crystal structures showed that the tetranuclear core o f the clusters has 
a flexible geometry (M-O-M angles and M-O bond lengths) in the solid state, which can be 
attributed to the different carboxylate ligands and the environment o f the cluster in the crystal, 
the crystal packing. This does, however, prevent a genuine magneto-structural correlation.
This flexibility is also reflected in the thermochromic behavior both in the solid state as well 
as in solution (Chapter  3). Variable Temperature 1H  NM R spectra o f the clusters in solution 
showed two dynamical processes, which might be related to each other. The exchange 
(interconversion) between chelating and bridging carboxylate ligands happens both intra- as 
well as intermolecular, as determined experimentally. The thermodynamical parameters 
derived from the VT 1H N M R spectra confirm for the zinc acetate cluster that the exchange 
mechanism is predominantly intermolecular. For the cadmium acetate cluster the 
thermodynamical parameters suggest a predominantly intramolecular exchange o f the 
carboxylate ligands. The dynamics o f the diiminepyridine ligand is more complicated and 
seems to be dependent not only on the type o f diiminepyridine ligand, but also on the type of 
carboxylate ligand. Estimated activation parameters for the zinc and cadmium clusters suggest 
that the diiminepyridine dynamics are non-dissociative, but more research in necessary to 
draw indisputable conclusions.
The main objective for these tetranuclear carboxylate clusters was to study the effect of 
different (carboxylate) ligands on the magnetic properties. The manganese cluster show a 
trend between the magnetic interactions and the electron withdrawing strength o f the 
carboxylate ligand (Chapter  4). Stronger electron withdrawing capabilities o f the carboxylate 
ligand reduces the antiferromagnetic interactions and even introduces small ferromagnetic 
interactions. This trend is not observed for the cobalt clusters, which indicates that the 
magnetic behavior o f these type o f clusters is more complicated than can be explained solely 
with the electron withdrawing strength o f the carboxylate ligands.
At the end o f C hapter 1 it was shown that polynuclear carboxylate clusters can have 
intermolecular magnetic interactions if  they are connected via either hydrogen bonds or 
coordination bonds. Connecting the tetranuclear carboxylate clusters via the diiminepyridine 
ligand could provide a communication pathway via a covalent bond. The synthesis o f a 
conjugated dimer o f the diiminepyridine ligand is described in C hapter 5.
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Part II
The discovery o f the solid state structure dependent photochemical reaction o f cinnamic acid 
by Schmidt is considered to be the starting point for the field o f crystal engineering. For 
several decades this field mainly focused on understanding the formation o f hydrogen bonds 
in crystals o f organic molecules. The invention o f designable coordination polymers opened a 
completely new direction for the field o f crystal engineering. Subsequent research showed, 
however, that design o f these polymers with certain topology is very difficult due to a lack of 
complete understanding and control over the reaction conditions. In Chapter 6 literature 
examples were provided with the aim to give an introduction on the design strategies and 
systematic studies o f these polymers. In Chapter 7 a genuine systematic study is provided for 
the reactions between reactions between [Cu(MeCN)2(PPh3)2][X] (X = BF4-, ClO4- and PF6-) 
and nitrogen donor ligands (pyrazine, 4,4’-bipyridine, 3,4’-bipyridine and 1,4- 
dipyridylbenzene) in three solvents (CH2Cl2, CHCl3, THF). It was shown that the linker, 
anion and solvent all have an effect on the formation, topology and connectivity of 
coordination polymers from this system. This system also offered the possibility to study the 
M ultiple Phenyl Embrace (MPE) as a potential synthon. The analysis o f the crystal structures 
o f the coordination polymer based on the Cu(I)/PPh3/N-donor ligand system showed that 71% 
of the independent M -PPh3 groups are involved in a six-fold phenyl embrace (6PE) (Chapter 
8). Furthermore, in this system the 6PE often forms a connection perpendicular to the 
backbone o f the coordination polymer, increasing the dimensionality o f the network. These 
results show that the M PE is indeed an useful synthon for the crystal engineering o f stable 
networks, when the system is properly chosen.
Coordination polymers (CPs) and M etal-Organic Frameworks (MOFs) are promising 
materials for a variety o f applications, e.g. gas storage, conductivity, luminescence, 
magnetism, spin-transition behavior and non-linear optics (NLO). Another very interesting 
application is catalysis, but most catalytically active CPs and MOFs are found 
serendipitously. M odification o f the ligand o f an existing catalytically active compound to a 
suitable linker for incorporation into MOFs has been successfully proven for the salen ligand. 
One drawback o f this MOF is that it is interpenetrating, which reduces the volume o f the 
pores. Preparation o f a dimer salen ligand could prevent this interpenetration, because it will 
block some o f the pores in the MOF. The synthetic route towards this functionalized double
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salen ligand is given in the Appendix. Unfortunately, it was not possible to determine the 
purity o f the ligand, making it unsuitable for use in MOF synthesis.
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Engineering is gedefinieerd als “het vakgebied waarin wiskundige en 
natuurwetenschappelijke kennis, verkregen door studie, ervaring en toepassing, inzichtelijk 
wordt toegepast om routes te ontwikkelen om de materialen en krachten van de natuur zo 
goedkoop mogelijk te gebruiken ten behoeve van de m ensheid” [1] De combinatie van de titel 
van dit proefschrift (Engineering van m oleculaire m agneten en kristallijne netw erken) en de 
definitie van engineering wekt de suggestie dat de vakgebieden van moleculaire magneten en 
kristallijne netwerken volledig begrepen zijn en dat deze moleculen en materialen met elke 
gewenste functionaliteit ontworpen kunnen worden. Ondanks dat de kennis van deze 
systemen toeneemt, is het (nog) niet mogelijk om elke gewenste functionaliteit zondermeer 
aan te brengen. De nadruk van dit proefschrift ligt daarom op het vergaren van kennis op het 
gebied van moleculaire magneten en kristallijne netwerken door middel van een rationele en 
systematische aanpak.
DEEL I
De literatuurvoorbeelden in H oofdstuk  1 laten zien dat de magnetische eigenschappen van 
polynucleaire carboxylaat-clusters, hetzij elektronisch, hetzij structureel, beïnvloed kunnen 
worden. Elektronisch kan dit bereikt worden door oxidatie/reductie van het metaal, het 
creëren van hetero-metallische clusters of door de introductie van elektronen- 
zuigende/-stuwende carboxylaat-liganden. Het introduceren van liganden met verschillende 
sterische eigenschappen op bestaande polynucleaire clusters kan de geometrie rondom het 
metaal in het centrum veranderen, wat veranderingen in hun magnetisch gedrag teweeg kan 
brengen. De correlatie studies tussen magnetische gedrag en (kristal)structuur bieden de 
mogelijkheid om regels te ontwikkelen, die het voorspellen van het magnetisch gedrag van 
polynucleaire carboxylaat-clusters mogelijk maakt. Het invoeren van waterstofbruggen of 
coördinatiebindingen tussen deze polynucleaire carboxylaat-clusters kan leiden tot een 
interactie tussen deze clusters met nieuwe en interessante magnetische eigenschappen.
De toevallige ontdekking van een tetranucleaire carboxylaat-cluster gaf ons een prachtig 
startmolecuul om een aantal strategieën, zoals beschreven in H oofdstuk 1 toe te passen. Deze
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tetranucleaire carboxylaat-clusters kunnen gemaakt worden door middel van een éénstaps 
“metal template” reactie voor verschillende metalen en carboxylaat liganden (H oofdstuk  2). 
De uitw isselings-m ethode  voor carboxylaat-liganden kan ook worden toegepast op deze 
clusters, maar oplosbaarheidsproblemen en onvolledige uitwisseling maken dit tot een 
ongeschikte strategie voor de meeste carboxylaat-liganden.
Gedetailleerde analyse van de kristalstructuren laat zien dat het tetranucleaire centrum van de 
clusters een flexibele geometrie (M-O-M hoeken en M -O bindingsafstanden) in de vaste stof 
heeft. Dit kan worden toegeschreven aan zowel de verschillende carboxylaat-liganden als de 
omgeving van het cluster in het kristal, de kristalpakking. Dit zorgt er echter voor dat een 
correlatie studie tussen magnetische eigenschappen en (kristal)structuur niet mogelijk is.
Deze flexibiliteit komt ook tot uiting in het thermochromische gedrag in de vaste stof en in de 
oplossing (H oofstuk  3). Variabele temperatuur 1H  N M R spectra van de clusters in oplossing 
laten twee dynamische processen zien, die misschien aan elkaar gerelateerd kunnen zijn. De 
uitwisseling (interconversie) tussen chelerende en bruggende carboxylaat-liganden gebeurt 
zowel intra- als intermoleculair, zoals experimenteel kan worden vastgesteld. De 
thermodynamische parameters afgeleid van de VT 1H NM R spectra bevestigen voor het zinc- 
acetaat-cluster dat het uitwisselingsmechanisme voornamelijk intermoleculair is. Voor het 
cadmium-acetaat-cluster suggereren de thermodynamische parameters dat de uitwisseling van 
de carboxylaat-liganden voornamelijk intramoleculair is. De dynamica van het 
diiminepyridine ligand is gecompliceerder en lijkt afhankelijk te zijn van niet alleen het type 
diiminepyridine ligand, maar ook van het type carboxylaat-ligand. Geschatte 
activeringsparameters voor de zink- en cadmiumclusters suggereren dat de dynamica van het 
diiminepyridine ligand volgens een niet dissociatief mechanisme verloopt, maar meer 
onderzoek is nodig om ondubbelzinnige conclusies te kunnen trekken.
Het belangrijkste doel voor deze tetranucleaire clusters was om het effect van verschillende 
(carboxylaat) liganden op de magnetische eigenschappen te bestuderen. De mangaanclusters 
laten een trend zien tussen de magnetische eigenschappen en de elektronenzuigende kracht 
van het carboxylaat-ligand (H oofdstuk  4). Sterkere elektronenzuiging, veroorzaakt door het 
carboxylaat-ligand, reduceert de antiferromagnetische interacties en veroorzaakt zelfs een 
kleine ferromagnetische interactie. Deze trend wordt echter niet waargenomen voor de 
kobaltclusters, wat een aanwijzing is dat het magnetische gedrag van dit soort clusters
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gecompliceerder is en niet verklaard kan worden met de elektronenzuigende kracht van de 
carboxylaat-liganden.
Aan het eind van H oofdstuk  1 wordt er aangegeven dat polynucleaire carboxylaat clusters 
intermoleculaire interacties kunnen hebben als zij verbonden worden via ofwel 
waterstofbruggen of coördinatiebindingen. Een schakeling tussen de tetranucleaire 
carboxylaat-clusters via het diiminepyridine ligand zou een interactieroute via een covalente 
binding kunnen opleveren. De synthese van een geconjugeerde dimeer van het 
diiminepyridine ligand wordt beschreven in H oofdstuk  5.
DEEL II
De ontdekking door Schmidt dat de fotochemische reactie van kaneelzuur afhankelijk is van 
de vaste stofstructuur wordt beschouwd als het startpunt van “crystal engineering” . 
Gedurende tientallen jaren heeft dit vakgebied zich vooral gericht op het begrijpen van 
waterstofbrugvorming in kristallen van organische moleculen. De ontdekking dat coördinatie 
polymeren kunnen worden ontworpen opende een compleet nieuwe richting voor “crystal 
engineering” . Echter, onderzoek daarna liet zien dat ontwerp van polymeren met een 
specifieke topologie zeer moeilijk is ten gevolge van een gebrek aan begrip en controle over 
de reactiecondities. De literatuurvoorbeelden in H oofdstuk  6  worden gegeven ter inleiding op 
de ontwerpstrategieën en systematische studies van deze polymeren. In H oofdstuk  7 wordt een 
systematische studie beschreven voor de reacties tussen [Cu(MeCN)2(PPh3)2][X] (X = BF4", 
ClO4- and PF6") en stikstofdonorliganden (pyrazine, 4 ,4’-bipyridine, 3,4’-bipyridine and 1,4- 
dipyridylbenzeen) in drie oplosmiddelen (CH 2Cl2, CHCl3, THF). De resultaten laten zien dat 
linker, tegenion en oplosmiddel een effect hebben op de vorming, topologie en connectiviteit 
van de coördinatie polymeren van dit systeem. Dit systeem gaf daarnaast de mogelijkheid om 
de “M ultiple Phenyl Embrace” (MPE) als een potentieel synthon te bestuderen. De 
kristalstructuuranalyses van de coördinatiepolymeren gebaseerd op dit Cu(I)/PPh3/N-donor- 
ligand systeem laten zien dat 71% van de onafhankelijke M -PPh3 groepen betrokken zijn in 
een zesvoudige phenyl embrace (6PE) (H oofdstuk  8). Bovendien vormt in dit systeem de 6PE 
vaak een loodrechte verbinding op de “backbone” van het coördinatiepolymeer waardoor de 
dimensionaliteit van het netwerk toeneemt. Deze resultaten laten zien dat de M PE inderdaad 
een bruikbare synthon is voor “crystal engineering” van stabiele netwerken, mits een geschikt
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system gekozen wordt.
Coördinatiepolymeren (CPs) en M etal-Organic Frameworks (MOFs) zijn veelbelovende 
materialen voor een verscheidenheid aan toepassingen, bv. gasopslag, geleiding, 
luminescentie, magnetisme, spin-overgang gedrag en niet-lineaire optica (NLO). Een andere 
zeer interessante toepassing is katalyse, maar de meeste katalytisch actieve CPs en MOFs 
worden bij toeval gevonden. De aanpassing van het ligand van een bestaande katalytisch 
actieve verbinding, zodat het een bruikbare linker voor inbouw in een MOF wordt, is 
succesvol bewezen voor een salen ligand. Een nadeel van deze MOF was echter dat het een 
interpenetrerend netwerk is, waardoor het volume van de poriën gereduceerd wordt. Een 
dimeer van dit salen ligand zou deze interpenetratie kunnen voorkomen, omdat het sommige 
poriën van de MOF zal blokkeren. De synthetische route naar dit gefunctionalizeerde dubbele 
salen ligand wordt beschreven in de Appendix. Helaas bleek het onmogelijk te zijn om de 
zuiverheid van dit ligand vast te stellen, waardoor het vooralsnog onbruikbaar is voor the 
synthese van een MOF.
Referenties
[1] Deze definitie wordt gegeven door Accreditation Board for Engineering and Technology (ABET). 
http://www.abet.org/.
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Eindelijk....... het is zover........ de laatste, meest gelezen en misschien wel moeilijkste woorden
van dit proefschrift mogen op papier worden gezet. Het leven van een promovendus gaat met 
ups en (vele) downs, en zonder de steun van anderen zou je die vier jaar nooit overleven! 
Daarom wil ik in dit dankwoord iedereen (dus ook diegenen die hier niet met naam en/of 
toenaam genoemd worden) die een bijdrage heeft geleverd bij de totstandkoming van dit 
proefschrift bedanken.
Allereerst wil ik mijn promotor Alan Rowan bedanken voor het bieden van de mogelijkheid 
om mijn promotie in zijn groep uit te voeren. A chteraf kunnen we misschien zeggen dat het 
M OF-project een ietsiepietsie te ambitieus was, maar dat neemt niet weg dat ik er met plezier 
aan heb gewerkt en dat het toch twee mooie publicaties heeft opgeleverd! Ik ben blij dat we 
toch besloten hebben om te switchen naar een ander onderwerp, ook al is dat een gewaagde 
stap tijdens een promotie. Gelukkig leverde dit, mede dankzij mijn studenten, toch een hoop 
mooie resultaten op die in het eerste deel van dit proefschrift beschreven staan.
Natuurlijk wil ik ook mijn co-promotor René de Gelder (ja, ja, ik ben de accent aigu op de 
laatste “e” dit keer niet vergeten) bedanken voor alle hulp en praatsessies in de afgelopen 
jaren. En ik kan het niet laten om toch even jouw  “snoring cycle” te noemen, een geweldig 
sarcastische cartoon van een dikke snurkende Amerikaan!!
De vele en prachtige kristalstructuren in dit proefschrift zijn te danken aan de metingen van 
Jan Smits. N a een jaar promotie vroeg jij aan mij enigszins gekscherend o f ik van plan was de
100 kristallen te halen..... en daar zag ik wel een mooie uitdaging in !! Ja, in zekere zin is me
dat wel gelukt, ik ben meer dan 100 keer gewapend met een buisje en een formulier naar jou 
toe gelopen met de vraag o f je  weer wat kon proberen te meten voor mij. Helaas, niet alle 
kristallen leverde bruikbare resultaten op, maar to ch ....
Paul Schlebos (“The Dancing Destroyer”) heeft vele uurtjes (nou ja, uiteindelijk zijn het vele 
dagen geworden) voor mij achter de 500 M Hz gezeten om de VT NM R spectra (zie 
H oofdstuk 3) te meten. Daarvoor ben ik je  uiteraard dankbaar. M aar beste Paul, ik wil je  
natuurlijk ook bedanken voor je  vriendschap! M ede door die vriendschap was het een genot 
om samen met jou  een drietal jaren synthese 3 practicum te geven. O ja, enne..... na al die
Dankwoord
jaren alleen maar horen over die verbouwing van je  huis in Didam, ga ik toch echt wel 
binnenkort een keertje langskomen om te zien hoe dat hutje er nu bij staat!
Gedurende mijn promotie heb ik ook de kans gekregen om drie studenten te mogen 
begeleiden tijdens hun bachelor- en masterstages. M ijn eerste Laurens (Veraart) begon zijn 
masterstage letterlijk met een knal! Jouw onderzoek was absoluut niet makkelijk, maar 
uiteindelijk zijn er toch nog wel wat resultaten uitgekomen (zie H oofdstuk 7 en een publicatie 
in C rystal G row th a n d  D esign). M ijn tweede Laurens (Peters) is een ras optimist; hoe vaak ik 
de twee woorden “komt goed” niet uit jouw  mond heb horen komen! En als we het dan toch
over uitspraken hebben..... de niet zo wetenschappelijke “het heeft de goede kleur, dus het
moet wel goed zijn” komt ook van jou  af. Ik vond het geweldig om met jou  in discussie te 
gaan over ons onderzoek. En je  hebt ontzettend veel gedaan tijdens je  stage, wat verspreid 
terug te vinden is in de H oofstukken 2, 3 en 4. M ijn laatste student, Remko Aubert, staat (ook 
wel) bekend om zijn uitspraken, vooral tijdens zijn presentaties. De beroemdste is toch wel: “I 
have no future in this department” . Hoewel het eigenlijk niet de bedoeling was, is jouw  stage 
uiteindelijk voornamelijk een organische stage geworden. De synthese van een dimeer 
diiminepyridine ligand bleek toch lastiger te zijn dan van te voren gedacht, maar het is je  
uiteindelijk toch gelukt (zie H oofdstuk  5)! E nne.. ..eigenlijk moet ik nu toch wel bekennen dat 
ik steeds bij een NK atletiek even naar de uitslagen van het hinkstapspringen kijk. Kortom, ik 
wil jullie bedanken voor jullie bijdrage aan dit onderzoek en jullie veel succes en plezier 
wensen in de toekomst.
Natuurlijk zijn er gedurende die vier jaar ook andere promovendi, studenten en collega’s om 
je  heen die zorgen voor wetenschappelijke en niet-wetenschappelijke ondersteuning, die ik 
natuurlijk ook wil bedanken. Suzanne Kuiper, jij en je  “mannetjes” hebben mij doen inzien 
dat katten toch eigenlijk ook wel leuke beestjes zijn. En daarnaast moet ik ook nog even 
memoreren aan Lord Vesiclos; de wuppie aan wie offers gebracht moest worden in de hoop 
dat de bolletjes.. .ehm, sorry .. .polymersomen gingen doen wat jij wilde dat ze gingen doen. 
Bram Keereweer, ik heb nooit geweten dat scouting zo gevaarlijk kon zijn (gebroken neuzen 
en schouders uit de kom)! Gedurende jouw  promotie heb ik jouw  zuurkast een transformatie 
zien doormaken; van super netjes (zelfs de statiefklemmen werden netjes op een rij in je  
zuurkast gehangen als je  op vakantie ging) tot totale chaos met potjes en kolfjes overal!
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Uiteraard waren de “werkbesprekingen” onder het genot van een kopje koffie en sigaretje met 
Onno van den Boomen ook zeer gezellig!! En als ik weer eens een pen kwijt was, nou ja, dan 
wist ik theoretisch gezien w aar ik ‘m terug kon vinden. M aar het is mij nog steeds een raadsel 
hoe jij ooit iets terug kon vinden op dat bureau van jou!
Roy Lensen, mijn buurman op het lab, eigenaar van “Coffeeshop du Lensen” (en dat alleen 
maar omdat er zo ’n zwavelverbinding bestaat die de duurste jo in t in odeur doet verbleken!!), 
worstelend met kobaltoceen-chemie; ik heb met veel plezier met je  op het lab gestaan!
Carmen Guguta, I have respect for you travelling from Delft to Nijmegen (almost) every day 
during your PhD. And o f course I have to mention the firefighters!!
Erik Kampert, het was een plezier om samen met jou  aan de clusters te werken. En als we dan 
één ding geleerd hebben is dat je  nooit, maar dan ook echt nooit, aan moleculen moet meten 
voordat je  hééééééééél zeker weet dat ze zuiver zijn (bewezen met kloppende 
elementenanalyses, enz.).
Theo Peters, voor alle bestellingen, hulp en gezelligheid op het lab. En tja, eigenlijk begint het 
een beetje flauw te worden, maar ik mag natuurlijk niet vergeten te vermelden dat je  
zangkunsten memorabel zijn (net zoals sommige chemische verbindingen niet zuiver te 
krijgen!).
Daarnaast wil ik ook Michael J., Johnny L., Arend van B., Gijs P. (recordhouder van het 
schaap, geloof ik), Bram P (wie had ooit gedacht dat een mengsel van groene nagellak, 
broodkruimels, delen van kersen, en nog wat dingen, dezelfde Rf-waarde op TLC zou geven 
als een porfyrine!), Roel H., Benjamin V., Alistair T., Linda H. (was gezellig in Maastricht!), 
Nico V., Erik S., Jaap R., Quinten K, Dennis H., Johan H., Hans E., Paul T., Alexandra A., 
Victor C., Vincent van H. (prutsertje, gna, gna, hihihi), Neil M. (kilo steak direct na een BBQ, 
respect!!), Joris M., Dennis L., Daan van der Z., Kathleen S. (Miss Naughty, mijn huidige 
buurvrouw op het lab, w at zeer gezellig is!) en Paul K bedanken.
En ik wil ook Peter van Dijk (bestellingen), Helene Amatdjais-Groenen (elementenanalyses) 
en Peter van Galen (massaspectrometrie) bedanken voor hun bijdragen aan dit onderzoek. 
Natuurlijk mogen Paula, Jacky en Désirée niet ontbreken, zij zijn immers onmisbaar als het 
aankomt op de administratieve kant van een promotie!
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Natuurlijk zijn er ook nog mensen die niet direct bij het onderzoek betrokken waren, maar 
toch een belangrijke rol hebben vervuld tijdens mijn promotie o f tijdens het schrijven van dit 
proefschrift. Allereerst, Christophe Minkenberg, jouw  befaamde vraag “Ga je  mee roken, 
Femke?” met Limburgse tongval blijft, door toedoen van Johan H., eeuwig in ons geheugen!! 
Ik haal ontzettend veel energie uit onze vriendschap en ik vind het dus ook echt super dat je  
mijn paranim f bent!!!! Luuk van Summeren, jou  heb ik eigenlijk pas na mijn promotie leren 
kennen (al moet ik je  wel werkcollege SRM 1 gegeven hebben toen ik net met mijn promotie 
begonnen was, maar gek genoeg kan ik me je  niet herinneren). Toch ben je  in korte tijd een 
goede vriend van me geworden, en ik vind het dus ook geweldig dat je  hebt toegezegd mijn 
paranim f te zijn!
Als laatste wil ik de belangrijkste personen in mijn leven bedanken. Lieve mama, lieve papa, 
ik wil jullie bedanken voor jullie onvoorwaardelijke steun en liefde. Het is voor jullie vast en 
zeker niet altijd makkelijk geweest om zolang met deze scheiko in huis te wonen. Toch 
stonden jullie altijd voor mij klaar. Ik dank jullie voor alles en ik hou van jullie!
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